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ABSTRACT

The CA2 subfield of the hippocampus has been, so far, largely ignored or taken together with 

the C A3 region. This region, unlike the other CA regions, receives inputs from neurones of the 

supramammillary nucleus of the hypothalamus which are known to fire phase locked to the 

hippocampal theta activity. The CA2 region may, therefore, be involved in the modulation of 

theta oscillations and play an important role in the hippocampal circuitry. Dual intracellular 

recordings and biocytin filling were performed in the CA2 subfield of the adult rat 

hippocampus to study synaptic connections involving two types of morphologically 

characterised intemeurones (basket and bistratified cells).

Like CAl basket cells, one subset of CA2 basket cells whose dendrites and axons were 

confined to the CA2 region were classical fast spiking cells which received depressing EPSPs 

from neighbouring pyramidal cells. In contrast, unlike CAl basket cells but like CAl OEM 

cells, the majority of CA2 basket cells had horizontally oriented dendrites which extended into 

all three CA subfields, had an adapting firing pattern, presented a “sag”, indicative ofl^, in their 

voltage responses to hyperpolarising current injection and received facilitating EPSPs. 

CA2 bistratified cells displayed similar synaptic responses. Those that had narrow dendritic 

arbours confined to CA2 received depressing EPSPs while those that had dendrites extending 

into all three subfields received facilitating EPSPs. These anatomical and electrophysiological 

data reveal features of CA2 intemeurones that are quite distinct from those described in CAl 

in this and previous studies and suggest that CA2 intemeurones that extend across subfields 

may perform a unique function.

In addition, intracellular recordings in the CAl region demonstrated convincing evidence for 

direct electrical coupling between pyramidal cells that is thought to underlie hippocampal 

oscillations.
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1.0 INTRODUCTION

The area of the vertebrate brain known as the hippocampus, from the Greek meaning sea 

horse, is a curved structure located on the floor of the middle horn of the lateral ventricule. The 

hippocampus is thought to play an important role in memory acquisition, the processing of 

spatial information and navigation. It has also been shown to be essential for the acquisition 

of specific types of new knowledge i.e. people, objects and events, a form of memory called 

declarative memory (Eichenbaum, 1999; Eichenbaum, 2004). There is evidence that the 

hippocampus may serve as temporary storage, for days or weeks, before memory is 

consolidated in other areas of the brain, such as the cerebral cortex (Zola-Morgan & Squire, 

1990). Consequently, the characterisation of hippocampal synaptic connections and the 

contribution of the different classes of inhibitory neurones to the hippocampal circuitry are 

extremely important if we are to gain a better understanding of hippocampal network activity 

and subsequent roles in memory. In this study, an attempt has been made to characterise 

further the hippocampal circuitry using intracellular recordings and biocytin filling combined 

with histochemical and immunohistochemical studies. This first chapter aims to give an 

overview of this brain region starting with its localisation and circuitry (Sections 1.1 and 1.2). 

This will be followed by the morphological and electrophysiological characterisation of the 

excitatory pyramidal cells and inhibitory intemeurones contained within this circuitry (Sections 

1.3, 1.4 and 1.5). A discussion of the hippocampal rhythms, thought to underlie the 

hippocampal activity will then follow (Section 1.6). The chapter will be concluded by a 

description of the two types of synapses thought to be involved in these rhythms, the chemical

21



and electrical synapses (Sections 1.7 and 1.8).

1.1 THE HIPPOCAMPUS: LOCALISATION AND STRUCTURE.

The hippocampus is associated with the hypothalamus, thalamus, cingulate gyrus, the amygdala 

and the cortex, which collectively form the limbic system, proposed to be the centre of 

emotions in the brain, and is a part of the temporal lobe.

The hippocampus is a well organised structure and is divided into four regions: CAl, CA2, 

CA3 (Cornu Ammonis 1,2 and 3, hippocampus proper) and the Dentate Gyrus. These 

regions were first described in detail by Ramon y Cajal ( 1893) and Lorente de No ( 1934) 

following Golgi studies. The hippocampus has a layered formation, which differs between the 

CA regions and the Dentate Gyrus. The classification of layers remains the definitive 

description of the hippocampus proper to date.

The layers of the CA regions are (as shown in Figure 1.1):

- Alveus, the layer that contains the excitatory pyramidal cells axons.

- Stratum Oriens (SO), the layer that contains the basal dendrites of pyramidal cells and 

some intemeurones.

- Stratum pyramidale (SP), the cell body layer of the hippocampus proper.

- Stratum Radiatum (SR), the layer containing the distal apical dendrites of pyramidal cells.

- Stratum Lacunosum-Moleculare (SLM), the layer containing the most distal apical 

dendrites of pyramidal cells.
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Figure 1.1 Laminar structure of the hippocampus and hippocampal trisynaptic 
pathway. The hippocampus is divided into four subfields (CA l, CA2, CA3) and the 
dentate gyrus (DG). The main layers of the CA regions are: Alveus, S. Oriens (SO), 
S. Pyramidale (SP, cell body layer), S. Radiatum (SR) and S. Lacunosum- 
Moleculare (SLM). The CAl region, CA3 region and DG are involved in the 
trisynaptic pathway. Layer II of the enthorinal cortex projects to the granule cells 
of the dentate gyrus (in red) through the perforant pathway (in blue). Axons of the 
granule cells, called mossy fibres, then project to the CA3 giant pyramidal cells 
(in green) . These CA3 pyramidal cells send axons, called Schaffer collaterals into 
the CAl region. The CAl pyramidal cells (in orange) then project axons through 
the alveus to the subiculum and ultimately to the enthorinal cortex. The CAl and 
CA3 pyramidal cells also send axons to the fomix, which innervates the 
contralateral hippocampus and the septum (Modified from Cajal, 1911).
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The CA3 region contains an additional layer called Stratum Lucidum (SL). In this region, 

mossy fibres fi*om the granule cells of the dentate gyrus make contact with the CA3 pyramidal 

cells (See section 1.2.1 for further discussion of SL).

According to the morphological characteristics of pyramidal cells described by Lorente de No 

(1934), the CA3 region is divided into 3 subfields:

- CA3a close to the CA2 region.

- CA3c close to the dentate gyrus.

- CA3b located between the CA3a and CA3c areas.

Lorente de No ( 1934) also subdivided the CAl region into three subfields CAl a, CAlb and 

CAl c. However, in a more recent study, intracellular injection of HRP showed no difference 

in the morphology of the CA 1 pyramidal cells which led the authors to conclude that such 

subdivisions may not exist (Ishizuka et a l, 1995).

The main layers of the Dentate Gyrus also first described by Lorente de No (1934) and 

Ramon y Cajal (1893) are:

- Hilus

- Stratum Moleculare

- Stratum Granulosum, the layer that contains the granule cell bodies.
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1.2 THE HIPPOCAMPAL CIRCUITRY

The hippocampal formation consists of four regions that include the dentate gyrus, the 

hippocampus proper (including CAl, CA2 and CA3), the subiculum and the entorhinal cortex 

(Amaral & Witter, 1989). These regions are interconnected and form the circuits of the 

hippocampus in which excitatory pyramidal cells are controlled and timed by inhibitory 

intemeurones.

1.2.1 The trisynaptic loop

The CAl region, CA3 region and the dentate gyrus form the main intrinsic excitatory circuit 

of the hippocampus, called the trisynaptic circuitry (Andersen et a l , 1971 ). It is essentially a 

one-way flow of information throughout the hippocampus. A schematic representation of the 

trisynaptic pathway is shown in figure 1.1.

The major input to the hippocampus comes from layer II of the entorhinal cortex which 

projects to the granule cells of the dentate gyrus through the perforant pathway located 

between the subiculum and the dentate gyrus. Axons of the granule cells, namely the mossy 

fibres, then project to the CA3 pyramidal cells (Lorente de No, 1934; Claiborne et a l, 

1986). These CA3 pyramidal cells send axons, called Schaffer collaterals, into the CAl 

region. The CAl pyramidal cells then project axons through the alveus to the subiculum. The 

subiculum is responsible for the output of the hippocampus, sending axons back to the

25



entorhinal cortex, from which information is ultimately transmitted to the sensory cortex.

Whilst the three synapses involved in the trisynaptic loop have been well studied, the possible 

participation of the C A2 region in the hippocampal circuitry has received less attention. The 

CA2 region has often been ignored or taken together with the CA3 region. However, the 

importance of this region in the hippocampal circuitry has been raised more recently by Sekino 

et a l ( 1997). Using optical recordings of responses to mossy fibre stimulation, the authors 

described two types of propagation; firstly, a fast signal propagation corresponding to the 

Schaffer collateral pathway (connection between CA3 and CAl pyramidal cells) and 

secondly, a delayed signal propagation via the CA2 region that can occur simultaneously or 

independently of the first signal detected. Although this study suggests the activation of CA2 

pyramidal cells mediated by CA3-CA2 projections, the role of the CA2 region and its 

functional implication in the hippocampal circuitry has yet to be determined.

1.2.2 Efferent and afferent connections of the hippocampus.

Whilst the trisynaptic loop is the main circuit of the hippocampus, other connections exist that 

can contribute to its modulation and therefore to the hippocampal function. Indeed, six further 

characterised neuronal circuits also play key roles, these are:

(i) Interconnections between the two hippocampi.

(ii) Input from the thalamus and amygdala.

(iii) Direct input from the entorhinal cortex.
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(iv) Local circuits within the CAl and CA3 regions.

(v) Interconnections between the hippocampus and the septum.

(vi) Input from the supramammillary nucleus of the hypothalamus. 

These neuronal circuits are discussed below.

(i) The two hippocampi are connected to each other via the fornix and commissural fibres. 

Double staining studies using fluorescent-dyes (Swanson et a l, 1980) and intracellular 

injection ofHRP and recovery after 3-4 days (Tamamaki etal, 1984) showed that pyramidal 

cells send commissural axons to the contralateral hippocampus.

(ii) The hippocampus, which is part of the limbic system, receives input from the thalamus, 

particularly from the nucleus reuniens (Dolleman-Van der Weel et a l, 1997). Nucleus 

reuniens fibres project to SLM of the CAl region making excitatory synapses onto pyramidal 

cells and intemeurones. In addition, anterograde tracing studies (Pikkarainen et a l , 1999) 

have revealed projections from the amygdala to SO and SR of the CAl and CA3 regions. 

Projections from the amygdala to the CA2 region have also been demonstrated (Berretta et 

a l , 2001 ). However, the specific targets of these proj ections have yet to be determined.

(iii) The entorhinal cortex which represents the major input and output of the hippocampus 

have the ability to activate each of the three CA regions directly.

Monosynaptic projections ft"om the entorhinal cortex to the CAl and CA3 regions have been
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described. Layer II of the entorhinal cortex not only projects to the dentate gyrus (the 

beginning of the trisynaptic pathway) but also directly contacts the most distal dendrites of 

pyramidal cells in SLM of the CA3 region whereas layer III projects directly to SLM of the 

CAl region (Amaral & Witter, 1989; Colbert & Levy, 1992; Berzhanskaya e/ aZ., 1998). 

These monosynaptic projections are proposed to modulate the trisynaptic pathway (Yeckel 

& Berger, 1990). The activity both of pyramidal cells and of intemeurones that possess 

dendrites in SLM (Freund & Buzsaki, 1996) may be affected by these projections. 

Recent research has revealed direct activation of the C A2 region following perforant path 

stimulation (Bartesaghi & Gessi, 2004). This work demonstrates direct neuronal projections 

from layer II of the entorhinal cortex to SLM of the CA2 region resulting in an early discharge 

of the CA2 pyramidal cells. This study also reveals a later activation of the CA2 pyramidal 

cells in SR probably mediated via the Schaffer collaterals following activation of the dentate 

gyms and C A3 pyramidal cells (trisynaptic loop) and, to a lesser extent, direct activation of 

the CA3 region by layer II of the entorhinal cortex.

(iv) Local circuitry in the CAl and CA3 regions also plays an important role in modulating the 

trisynaptic pathway. CAl and CA3 pyramidal cells have the ability to innervate other 

pyramidal cells and intemeurones located in their respective regions. The properties of these 

connections will be discussed further in section 1.7.3.

(v) The hippocampus is reciprocally connected via the fomix to the septum, a stmcture that 

plays a major role in the generation of the hippocampal theta rhythm. Details of the theta
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rhythm are discussed in section 1.5.1.

The connections from the septum to the hippocampus arise from the Medial Septum/Diagonal 

band of Broca (MS/DB). There are two types of septo-hippocampal inputs: cholinergic and 

GABAergic connections. The cholinergic input modulates the pyramidal cells and 

intemeurones of the hippocampus (Frotscher & Leranth, 1985) whereas the GABAergic 

projections terminate exclusively on GABAergic intemeurones providing a disinhibition of the 

hippocampal pyramidal cells (Freund & Antal, 1988).

Hippocampal CAl and CA3 pyramidal cells project through the fomix to the septum 

predominantly targeting the Lateral Septum (LS) (Stevens & Cotman, 1986). In addition, 

intemeurones located in SO of the CAl and CA3 regions project to parvalbumin (PV)- 

immunopositive intemeurones of the MS relaying information and closing the loop between the 

hippocampus and the MS/DB (Toth et a l, 1993).

(vi) The hippocampus receives inputs from the supramammillary nucleus (SUM) of the 

hypothalamus, a stmcture of the limbic system that plays an important role in the generation 

of the theta rhythm. This role and theta rhythm itself will be discussed in section 1.5.1, 

In contrast to the connections with the septum, the connections between the SUM and the 

hippocampus are unidirectional. The target of the SUM projections is the CA2 region 

(Magloczky et a l , 1994). Unlike the other hippocampal regions, the CA2 region appears to 

be one of the two major targets of the SUM, the second being the septum. The fibres that 

project to the CA2 region are thought to contain the peptide Substance P (Borhegyi &
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Leranth, 1997) and synapse onto neurones that present a strong immunoreactivity for 

adenosine-gated A1 receptors (Ochiishi et a l, 1999).

1.3 MORPHOLOGICAL CHARACTERISTICS OF PYRAMIDAL CELLS

The pyramidal neurones involved in the intrinsic circuitry of the hippocampus are the principal 

excitatory neurones of the hippocampus and represent approximately 90% of the total 

neuronal population, the remaining 10% are inhibitory intemeurones that control and time the 

activity of these pyramidal cells. Intemeurones are discussed in more detail in section 1.4. The 

soma of the pyramidal cells are located in Stratum Pyramidale in all three subfields. Their 

morphology varies across the different CA regions of the hippocampus and has been 

described by Golgi staining (Ramon y Cajal, 1893; Lorente de No, 1934) and later by 

intracellular injection of horseradish peroxidase (Ishizuka et a l, 1995).

The different morphological characteristics of CA regions across the hippocampus will be 

discussed in the next three sections.

1.3.1 Dendritic and axonal patterns of CA3 pyramidal cells

Pyramidal cells of the CA3 region possess large somata, from which two or three apical 

dendrites emerge and emit branches through the Stratum Radiatum and the Stratum 

Lacunosum-Moleculare (figure 1.2). The CA3 pyramidal cells also have a large number of 

basal dendrites, which extend through Stratum Oriens and into the alveus. These dendritic
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Figure 1.2 Dendritic and axonal pattern of a pyramidal cell recorded and filled in the CA3 region. Reconstruction 
at high magnification using a drawing tube (xlOOO). The pyramidal cell dendrites are in black and its axon in grey. 
Thorny excrescences were observed on the proximal apical dendrites of this cell in Stratum Lucidum (SL).



trees are covered with spines, which are the major sites of excitatory synaptic input. The 

proximal apical dendrites also possess complex spine structures called thorny excrescences, 

which receive synaptic inputs from mossy fibre terminals in the additional layer of the CA3 

region called Stratum Lucidum (Blackstad & Kj aerheim, 1961). The pyramidal cells of the 

area CA3c (close to the dentate gyrus) present short apical and basal dendritic trees and are 

covered with thorny excrescences, implying a large input from the mossy fibres. The axons 

of these pyramidal cells emerge from the soma and arborise in SR forming Schaffer collaterals, 

which contact the distal part of CA 1 close to the subiculum (Li et a/., 1994; Ishizuka et a l , 

1995). CA3c pyramidal cells are thought also to project to the contralateral hippocampus and 

to the lateral septum (Swanson et a l , 1980). The CA3b pyramidal cells present an axon that 

arborises in SR with some branches in SO. These axons contact the intermediate part of CAl. 

Finally, the axons of pyramidal cells of the CA3a area arborise in SO and SR and contact the 

proximal part of the CAl region close to CA2.

1.3.2 Dendritic and axonal patterns of CAl pyramidal cells

The pyramidal neurones of the CA 1 region have been characterised as having a smaller soma 

than those of the CA3 region (figure 1.3). Typically, one apical dendrite emerges from the 

soma and emits branches in SR before terminating in a tuft in SLM (Ishizuka et a l , 1995). 

Several basal dendrites extend to SO and often reach the alveus. The dendritic trees of these 

cells are also covered with spines, however, thorny excrescences are absent from CAl 

pyramidal cells. The axons of these CAl cells typically emerge from the region of the soma
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Figure 1.3 Dendritic and axonal pattern of a pyramidal cell recorded 
and filled in the CAl region. The cell was reconstructed at high magnification 
using a drawing tube. The dendrites are in black and the axon in grey.
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adjacent to the basal dendrites. The collaterals arborise within SO and project to the 

subiculum and entorhinal cortex thus closing the trisynaptic loop. A further projection is to the 

lateral septum (Stevens & Cotman, 1986).

1.3.3 Dendritic and axonal patterns of CA2 pyramidal cells

The CA2 region was first described by Lorente de No ( 1934). Possibly due to its relatively 

small size (rostro-caudal length in the rat up to 200 |im  (Tamamaki e/a/., 1988; Ishizuka e/ 

a l , 1995) and in the adult guinea-pig 500-600 |Im (Bartesaghi & Ravasi, 1999)), CA2 has 

largely been ignored or considered together with the C A3 region. However, recent studies in 

rat (Ishizuka et a l , 1995b) and guinea pig (Bartesaghi & Ravasi, 1999) have shown that there 

is more than one type of pyramidal cell in the CA2 region (2 types and 4 types in rat and 

guinea pig respectively). This distinction is based on their dendritic tree morphology and the 

results suggest the presence of a mixed population of CAl-like and CA3-like pyramidal cells 

in the CA2 subfield. Some CA2 pyramidal cells resemble those of the CA3 region in that they 

present a large soma from which one or two apical dendrites emerge. However, they do not 

present thorny excrescences. The CA2 region also contains smaller pyramidal cells that 

resemble the CAl pyramidal cells.

Golgi studies (Lorente de No, 1934) reported that CA2 pyramidal cell axons give rise to 

collaterals arborising in SO. These results are in agreement with intracellular injection studies 

in vivo and in vitro in rat hippocampus (Ishizuka et a l, 1990) where the CA2 pyramidal 

cells lack Schaffer collaterals and instead give rise to axonal collaterals arborising in SO of
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CA l, CA2 and C A3. However, one intracellular injection study in vivo in rat hippocampus 

and recovery after three days (Tamamaki et a l , 1988) provided a more complete picture of 

the axonal arbourisation and showed that the axons of C A2 pyramidal cells emerge from the 

soma and emit two branches that project mainly to SO and SR of the CAl region although 

some branches extend to CA3b and CA3c. This in vivo study also provided evidence that 

C A2 pyramidal cells send axons to the contralateral hippocampus and the lateral septum.

1.4 MORPHOLOGICAL CHARACTERISTICS OF INTERNEURONES

As stated earlier, the non-pyramidal or inhibitory neurones, also called intemeurones, 

constitute approximately 10% of the total neuronal population of the hippocampus (Woodson 

et a l, 1989). They are able to exert widespread control of hippocampal excitability via 

release of the inhibitory neurotransmitter, gamma aminobutyric acid (GAB A) (Ribak et a l , 

1978). The classification of the different types of intemeurones has been a topic of great 

interest. They are generally identified on the basis of their dendritic and axonal arborisations, 

and the post-synaptic domain of the pyramidal cell that they target (Han et a l , 1993 ; Sik et 

a l , 1995 ; Buhl et a l , 1996). In addition, they can also be characterised according to their 

calcium binding protein (Parvalbumin [PV], Calbindin [CB], Calretinin [CR]) or neuropeptide 

content expression (Cholecystokinin [CCK], Somatostatin [SOM], Vasoactive Intestinal 

polypeptide [VIP], Neuropeptide Y [NPY]) (Kawaguchi etal, 1987; Kawaguchi & Kubota, 

1993 ; Kawaguchi & Kubota, 1998). However, the presence of calcium binding protein or 

peptide alone is insufficient to characterise a type of intemeurone as electrophysiological
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studies coupled with immunohistochemical studies have revealed that different classes share 

the same immunoreactivity (See below).

T o date, 16 classes of intemeurones have been reported (Somogyi & Klausberger, 2005). 

A description of each class follows. These intemeurones have been identified in the CAl and 

CA3 regions. The morphological properties of intemeurones in CA2, however, remain to be 

studied.

1.4.1 Axo axonic cells

The Axo-Axonic cell, or Chandelier cell, has been described in the hippocampus proper 

(Comu Ammonis) (Somogyi et al., 1983a; Li et a l , 1992) and the dentate gyms (Soriano 

et a l , 1990). Their specific target onto the axon initial segments of pyramidal cells represents 

the major characteristic of these cells (Somogyi et a l , 1983a,b). In the hippocampus, the 

somata of axo-axonic cells are located within or close to the pyramidal cell layer. Their radial 

dendrites typically extend to all layers, although a recent study reported axo-axonic cells with 

horizontal dendrites restricted to SO (Ganter et a l, 2004). Their dendrites are generally 

beaded, aspiny and form a tuft in SLM (Li et a l, 1992; Gulyas et a l, 1993; Buhl et a l, 

1994b). The arbourisation of axo-axonic cells suggests that they may receive inputs from the 

perforant path, the Schaffer collaterals, the Stratum Oriens/Alveus border and in CAl, from 

both CAl and CA3 pyramidal cells.

The axon emerges from the soma and arbourises in half the depth of SP and SO, where
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collaterals contact exclusively the axon initial segments of pyramidal cells. An axon of an axo

axonic cell, recorded and filled in CAl in vivo, was estimated to contact up to 1200 

pyramidal cells. Moreover, it is thought that between 4 to 10 axo-axonic cells contact a single 

pyramidal cell (Li et a l, 1992).

Immunocytochemical studies have revealed that many of these intemeurones are 

immunopositive for PV (Soriano et a l , 1990;Gulyas et a l , 1993b; Pawelzik et a l , 2002). 

The inhibition from these axo-axonic cells is mediated by the GABA^ receptors which contain 

the CCl, CC2, P2/3 and y 2  subunits (Nusser et a l, 1996;Somogyi et a l, 1996). GABA^ 

receptors will be discussed in section 1.7.4.2. Briefly, in the hippocampus, GABA^ receptors 

are functional as pentamers that contain three types of subunits: CC (1,2,3,5), P (2,3) and 

Y(2) with the most probable stoichiometry being 2 OC, 2 p and 1 y (Korpi et a l , 2000). The 

pharmacological sensitivities to benzodiazepines of the GABA^ receptors depend on the 

subunits included. Different types of intemeurones act selectively through distinct subclasses 

of GABAa receptors and will have therefore different functions.

1.4.2 Basket cells

The Basket cell was initially described by Ramon y Cajal (1893) and Lorente De No (1934) 

in the neocortex and hippocampus. In the hippocampus, the somata of these cells can be 

localised in Stratum Pyramidale, Stratum Oriens or Stratum Radiatum. One to three dendrites 

emerge from the soma, extend through Stratum Radiatum and often penetrate Stratum 

Lacunosum-Moleculare. In contrast with the axo-axonic cells, the dendrites of basket cells
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rarely branch in SLM. Several dendrites branch close to the soma, extend through SO and 

often reach the alveus. These basket cell dendrites are generally aspiny and their arbours are 

typically broader than those of the axo-axonic cells. Their dendritic arbourisation suggests that 

they may receive inputs from CA3 and CAl pyramidal cells, the Schaffer collaterals, the 

mossy fibres in CA3 and the perforant path.

Basket cell axons are generally confined to SP but can extend to proximal SO and SR (wide 

arbour basket cells). Electron microscopic studies have provided evidence that these axons 

contact the somata and most proximal dendrites of pyramidal cells (Gulyas et a l , 1993a; Buhl 

et a l , 1995). In terms of connectivity, Sik et al reported that one basket cell in vivo is able 

to contact up to 1500 pyramidal cells and 60 other PV-positive intemeurones (Sik et a l , 

1995).

The dendritic trees and axonal arbours of basket cells are generally confined to one region 

(CAl or CA3) although one basket cell recorded and filled in CA3a has been reported to 

possess an axon which extends across regions (Gulyas et a l , 1993a). The axon of this basket 

cell arbourised in SP of the C A3, C A2 and CA 1 regions, suggesting that the same cell may 

exert feed back inhibition in CA3 as well as feed forward inhibition in CAl.

The calcium-binding protein or peptide content, along with the morphological characteristics, 

appear to be a good candidate to differentiate the various types of basket cells. Three types 

of basket cells have been described, one containing PV, one containing CCK and VIP and 

finally one containing CCK and VGLUT3. Basket cells rarely if ever coexpress PV and CCK 

(Gulyas et a/., 1991; Pawelzik et a l , 2002). CCK immunopositive basket cells that express
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VIP appear to be immunonegative for the vesicular glutamate transporter 3 (VGLUT3). In 

contrast, the CCK immunopositive basket cells that do express YGLUT3 do not express VIP 

(Somogyi et a l, 2004).

PV-immunopositive basket cell inputs to pyramidal cells act on GABA^ receptors that contain 

the CCl subunit (Thomson et a l, 2000; Pawelzik et a l, 2002). In contrast, CCK- 

immunopositive basket cells activate receptors containing the 0C2 subunit (Thomson et a l , 

2000; Nyiri et a l, 2001).

1.4.3 Bistratified ceils

The Bistratified cell has been described by Buhl et a l ( 1994a) and Sik et a l ( 1995). The 

somata of these neurones are localised within or close to Stratum Pyramidale or at the Stratum 

Oriens-alveus border (0-Bistratified) (Maccaferri et a l , 2000). Like basket cells and axo

axonic cells, bistratified cells are multipolar with up to 5 primary dendrites, but unlike basket 

and axo-axonic cells, their dendrites do not extend into SLM implying that they do not receive 

inputs from the entorhinal cortex but receive a strong activation by the Schaffer collateral 

inputs (Buhl et a l , 1994a; Sik et a l , 1995 ; Ali et a l ,1998). The axons of these cells emit 

collaterals in Stratum Oriens and Stratum Radiatum and form synapses on intermediate 

dendrites and dendritic spines of pyramidal cells.

The pharmacological profile of GAB A^ receptors activated by bistratified cells suggests that 

they contain CC5 and y2 subunits (Pawelzik et a l , 1999). In terms of immunoreactivity, the 

vast majority of bistratified cells express PV, SOM and NPY (Klausberger et a l , 2004).
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However, some bistratified have been found to express CCK (Pawelzik et a l , 2002) or CB 

(Sik era/., 1995).

1.4.4 OLM cells (Oriens-Lacunosum-Moleculare cells)

The OLM Cell was first described by Ramon y Cajal ( 1893) and then Lorente de No (1934). 

The most striking distinguishing characteristic of these cells in CAl and CA3 is their axon, 

which emerges from the soma and projects vertically to Stratum Lacunosum-Moleculare 

before emitting collaterals that innervate the distal dendrites of pyramidal cells or other 

intemeurones located in SLM. In some cases, the axon of these OLM cells also arbourised 

sparsely in SO (Ali & Thomson, 1998). The dendrites remain restricted to the Stratum Oriens 

in the CAl region, whereas they extend to all layers except the Stratum Lacunosum- 

Moleculare in the CA3 region (Gulyas et a l, 1993a).

Paired intracellular recordings in the CAl region suggested that OLM cells are densely 

innervated by neighbouring pyramidal cells with a probability of finding a connection of 1 in 

3 (Ali & Thomson, 1998).

Most of these intemeurones contain somatostatin (Kosaka et a l , 1988; Baude et a l , 1993) 

and high levels of metabotropic glutamate receptors mGluRl CC in the soma and dendrites 

(Baude et a l , 1993). High levels of mGluR? are present at presynaptic pyramidal axon and 

intemeuron terminals contacting these cells (Shigemoto et a l , 1997; Somogyi et a l , 2003; 

Ferraguti et a l , 2004). These OLM cells contain also, to a lesser extent, PV (Klausberger 

et a l, 2003).
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1.4.5 Schaffer collateral associated cells

Schaffer collateral associated cells have been described by Vida et a l (1998). The somata of 

these cells are located in SR and at the border of SLM. Their dendritic tree is often largely 

confined to SR but in some cases enters all layers. Axonal arbourisation occurs in SO and SR 

They innervate both pyramidal cells and intemeurones, including other Schaffer collateral 

associated intemeurones (Vida et a l, 1998; Pawelzik et a l, 2002).

Schaffer collateral associated cells have been shown to be immunopositive for CCK (Pawelzik 

et a l, 2002) and calbindin (Cope et a l, 2002).

1.4.6 Perforant-path associated intemeurones.

The somata of the perforant-path associated intemeurones are located at the border of SR 

and SLM. Two types of perforant-path associated cells have been described (Somogyi & 

Klausberger, 2005): Lacunosum-moleculare-radiatum perforant path associated cell and 

Lacunosum-moleculare perforant path associated cell. The former presents a dendritic arbor 

that extends to all layers and an axon mostly arborising in SLM. The dendrites of the latter are 

restricted to SLM while the axon arborises in SLM and spreads to the subiculum and dentate 

gyms (Hajos & Mody, 1997; Vida et a/., 1998; Pawelzik et a l , 2002). One cell of this type 

has been found to be CCK-immunopositive (Pawelzik et a l,  2002). Further studies, 

however, are needed to define their immunoreactivity fully.
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1.4.7 Neurogliaform cells

Neurogliaform cells have been less studied in the hippocampus than in the cortex (Tamas et 

al, 2003). In the hippocampus, the somata of these cells are located at the border SR/SLM. 

Their dendrites as well as their dense axonal arbour are confined to SR and SLM (Vida et a l , 

1998; Khazipov e ta l, 1995). The immunoreactivity of these cells remains to be determined.

1.4.8 Trilaminar cells

Trilaminar cells have been described in the hippocampus and the dentate gyrus (Sik et al., 

1995,1997). In the CA 1 region, one trilaminar cell has been described by Sik et aZ. (1995) 

following in vivo intracellular recordings. The soma of this cell, as well as its dendrites, were 

located in SO. The axon emerged from the soma and arbourised in SO, SP and SR. 

Trilaminar cells reported in the CA3 region had similar morphological characteristics (Gloveli 

et a l, 2005).

Putative trilaminar cells in the CA3c region were reported to be CB-immunopositive (Sik et 

a l , 1997). In CA 1, one trilaminar cell filled in vitro was found to express CCK (Pawelzik 

et al., 2002) and the cell filled in vivo was CB-immunonegative (Sik et a l, 1995).

1.4.9 Back projection cells

Two intemeurones projecting across regions, also called back-projection cells, have been
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described in the CA 1 region by Sik et a l ( 1994). The somata of these cells were located at 

the Stratum Oriens-Alveus border and the dendritic trees were confined to Stratum Oriens in 

CAl. The axons emitted collaterals, which ramified in Stratum Oriens and Stratum 

Pyramidale. Axonal branches extended to SR of CA3 and the hilus of the dentate gyrus, giving 

rise to dense arbourisations. The immunoreactivity of these cells remains to be studied.

1.4.10 Hippocampo-septal cells

Some hippocampal intemeurones, as previously described in section 1.2.2, project to the 

medial septum and play an important role in the septo-hippocampo-septal loop. The main 

targets of these intemeurones are PV- immunopositive intemeurones, located in the MS/DB 

(Toth et a l , 1993). Hippocampo-septal cell somata are located in SO of the CAl and CA3 

regions with their dendritic trees extending horizontally in SO (Zappone & Sloviter, 2001 ). 

Septo-hippocampal intemeurones of the CAl region present an axon that emerges from the 

soma or a proximal dendrite, arborises in SO, SP and SR of the CAl region and projects to 

the CA3 region and the septum (Gulyas et a l , 2003). These intemeurones express calbindin 

and somatostatin (Toth & Freund, 1992; Gulyas et a l, 2003).

1.4.11 Interneurone specific cells

Specialised intemeurones, named Intemeurone-specific (IS) cells, have been reported to 

control other intemeurones (Acsady et a l, 1996a,b;Gulyas et a l, 1996). They can be
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subclassified into three types (IS-1, IS-2, IS-3) according to their connectivity and 

neurochemical content.

Most IS-1 intemeurones are immunopositive for calretinin (Gulyas et a l , 1996). Their somata 

are located in SP, SO or SR. The dendritic trees of these cells arbourise most extensively in 

SRbut can invade all layers. Ramification of the main axon occurs in SR IS-1 intemeurones 

target mainly calbindin immunopositive and other calretinin immunopositive intemeurones 

(Acsady et a l, 1996b; Gulyas et a l, 1996).

Most IS-2 intemeurones are immunopositive for VIP (Acsady et a l , 1996b; Acsady et a l , 

1996a). The somata of these cells are located in SR, close to the border of SLM. The 

dendrites are restricted to SLM. The axon emerges from the somata and emits collaterals in 

SR, which often reach SP innervating mainly calbindin immunopositive cells in SR and 

CCK/VIP immunopositive basket cells (Acsady et a l, 1996a,b; Gulyas et a l, 1996).

Most IS-3 intemeurones are immunopositive for VIP (Acsady et a l , 1996b; Acsady et a l , 

1996a). The somata of these cells are located in SP or SO. The dendritic tree of IS-3 cells 

extend into SLM and in some cases into SO. The axon emerges from the soma and emits 

horizontal collaterals in SO innervating mainly OLM cells (Acsady et a l, 1996a; Ferraguti et 

a l, 2004). Expression of mGluR? is found in the presynaptic terminals of these cells (Somogyi 

et a l, 2003).
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1.5 FIRING PATTERNS OF HIPPOCAMPAL NEURONES

Four main firing patterns have been described: fast-spiking (FS), regular-spiking (RS), burst- 

firing (BF), and irregular spiking (IS)/stuttering. Although the regular spiking and burst firing 

pattern can be seen in both pyramidal cells and intemeurones, fast- and irregular-spiking 

patterns appear to be specific to intemeurones. The action potential properties and therefore 

the firing pattems are determined by the expression of different types of Na^, and Ca^^

channels.

1.5.1 Fast spiking (FS) cells

1.5.1.1 Classical fast spiking cells

In response to supratbresbold depolarising current pulses, FS intemeurones fire a train ofbigb 

frequency spikes (200 spikes/s) which show weak or no frequency accommodation (figure 

1.4A).

These intemeurones present a short duration action potential and a deep fast AHP that are 

proposed to be mediated by the Ca^  ̂activated conductances (Ic andlAHp)(Zhang & 

McBain, 1995) in addition to a fast transient rapidly inactivating current (Ia), a delayed- 

rectifier mediated current (Ik(dr)) and a transient current (Ik(a))- Different types of

voltage activated potassium channels are expressed in the CNS (Weiser et al., 1994). 

However, the expression of the voltage-gated K^-channel subunit Kv3.1 is correlated with
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Figure 1.4 Responses of 4 CAl neurones to injected current. In A, an
example of a fast spiking intemeurone that display short duration APs and 
deep fast AHPs. In B, voltage responses of an OLM cell. This cell 
displayed a fast spiking firing pattern that showed spike frequency 
adaptation and a pronounced “sag” in its voltage response to hyperpolarising 
current injection. In C, an example of a regular spiking pyramidal cell. In 
D/, an example of a irregular spiking intemeurone. Subthreshold 
oscillations displayed by this intemeurone are illustrated in D//.
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the fast spiking pattern of intemeurones (Massengill et a l, 1997), particularly PV- 

immunopositive intemeurones (Kawaguchi eta l, 1987; Gulyas e ta l, 1993a; Buhl eta l, 

1994b; Du et a l, 1996; Pawelzik et a l, 2002). Intemeurones that have been reported to 

present a fast spiking firing pattem include axo-axonic cells, basket cells, bistratified cells, 

trilaminar cells and back proj ection cells (Sik et a l , 1995; Buhl et a l , 1996; Pawelzik et a l , 

2002).

1.5.1.2 The OLM cells

In contrast to classical fast spiking cells, one type of fast spiking intemeurones, the OLM cells, 

display striking features (figure 1.4 B). The OLM cells display short duration AP but longer 

than CFS cells typically, a pronounced AHP and show spike frequency adaptation in response 

to depolarising current pulses (Lacaille et a l, 1987; Ali & Thomson, 1998). These 

intemeurones do not contain channels Kv3.1 but do express Kv3.2. The expression of 

Kv3.2 appears to be specific to SOM-immunopositive intemeurones (Weiser et a l , 1994). 

The major distinguishing physiological feature of the OLM cells in CAl is the presence of a 

pronounced “sag ” in response to hyperpolarising current pulses, followed by a rebound on 

repolarisation (Ali & Thomson, 1998; Sik et a l, 1995). This “sag” is representative of Ij, 

which was first described in the heart and then in the CAl pyramidal cells (Halliwell & Adams, 

1982). Ij, (also named Iq or If) is a hyperpolarisation-activated mixed cation current carried 

by Na^ and ions. It is activated by hyperpolarisation at - 80 mV and reverses at -50 mV 

(Halliwell & Adams, 1982; McCormick & Pape, 1990). Hyperpolarisation-activated, cyclic
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nucleotide-gated (HCN) channels mediate this current. Four types of HCN channels (HCN1, 

2,3,4) are known to be present in the hippocampus (Moosmang et a l , 1999). Functionally, 

the isoforms differ from each other in terms of time constant of activation, with HCN 1 the 

fastest and HCN4 the slowest. These channels are activated by cAMP (with HCN2 more 

sensitive than HCN 1 (Wainger et a l , 2001 ; Altomare et a l , 2003)) and are inhibited by 

cesium (Cs^) or a compound called ZD7288 (Chevaleyre & Castillo, 2002).

In situ hybridisation studies showed that these isoforms are differentially expressed in 

pyramidal cells and intemeurones in the mouse and rat brain (Santoro et a l , 2000). In adult 

rat hippocampus, HCNl mRNA is mostly expressed in pyramidal cells and PV- 

immunopositive intemeurones, whereas HCN2 mRNA is frequently expressed in SOM- 

immunopositive intemeurones located at the Oriens/Alveus border. HCN4 mRNA is 

coexpressed with HCN2 in pyramidal cells and in few intemeurones and HCN3 mRNA is 

expressed at very low level in the hippocampus (Bender et a l , 2001). Detection of mRNA, 

however, does not indicate the amount of functional protein expressed. This may explain the 

absence of “sag” in CAl basket, bistratified and axo-axonic cells that express HCNl mRNA. 

More recently, however, immunocytochemistry and EM studies revealed the co-expression 

of HCNl and HCN2 in axons and axon terminals of basket cells in the CA3 region (Notomi 

& Shigemoto, 2004).

Ih is thought to play an important role in stabilising the resting membrane potential by limiting 

the hyperpolarisation of neurones and in maintaining repetitive firing. I^is also thought to be 

involved in pathology such as epilepsy. Following febrile seizures, the hyperexcitability of the 

network observed is proposed to result from the permanent switch in HCN expression (from
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HCNl to HCN2) in CAl intemeurones (Chen et a l, 2001). Furthermore, Ih has been 

associated with the generation of oscillatory activity, such as theta oscillations in the entorhinal 

cortex (Dickson et a l, 2000) and the septum (Kocsis & Li, 2004).

1.5.2 Regular spiking (RS) ceils

In response to depolarising current pulses, regular spiking cells fire trains of action potentials 

that show spike frequency adaptation (figure 1.4C). RS neurones display a short duration AP 

and a shallow AHP (figure 1.4C). They display spike frequency adaptation, which is largely 

determined by activation of a slowly inactivating Ca^  ̂activated current (Iahp)» together

with a slowly activating non inactivating current (called 1^),resulting in hyperpolarisation

of the cells (Colino & Halliwell, 1987).

In the hippocampus, some basket and bistratified cells exhibit a regular spiking pattem 

(Pawelzik et a l, 2002).

Regular-spiking basket cells are more commonly found to be CCK- than PV-immunopositive 

(Pawelzik et a l, 2002).

1.5.3 Burst firing (BF) cells

In response to a depolarising current, BF or LTS (Low-threshold Spike cells) cells fire a burst 

of action potentials, followed sometimes by single spikes. Burst firing pattem is thought to be 

dependent on Na^ and Ca^  ̂currents (Brown et a l , 1990). During a burst, the intracellular
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concentration of increases resulting in the activation of Ca^  ̂activated K^currents thus

leading to cellular hyperpolarisation and period of silence between bursts. In the hippocampus, 

burst firing pattern is generally displayed by pyramidal cells. Some intemeurones, however, 

have been shown to exhibit this firing pattern (Pawelzik et a l , 2002). These intemeurones 

(two basket cells and a perforant path associated cell) were either PV- or CCK- 

immunopositive. In the cortex, LTS intemeurones have been shown to be CB-immunopositive 

(Kawaguchi & Kubota, 1993).

1.5.4 Irregular spiking (IS) cells

In response to depolarising current, irregular spiking cells fire high frequency trains intemipted 

by periods of silence (figure 1.4D). Studies in the rat neocortex (Porter et a l , 1998) have 

indicated a possible role of the slowly-inactivating delayed K  ̂current (Ik(d)) addition to a 

slow Na^ current in the generation of this pattem. In the neocortex, irregular spiking 

intemeurones are Calretinin and VlP-immunopositive (Cauli et a l , 1997). More recently, 

whole cell recordings in layer II/III have demonstrated that IS intemeurones, that were 

electrically coupled, express the cannabinoid receptor CB1 (Galaretta et a l , 2004). This 

study also showed that subthreshold oscillations were seen between spikes (Figure 1.4D/7).

1.5.5 Correlation between interneuronal firing patterns and immunoreactivities

The firing pattems of intemeurones, therefore, appear to be correlated with their calcium 

binding protein or peptide content with, for example, the vast majority of PV immunopositive
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intemeurones being CFS and the vast majority of CCK immunopositive cells being RS. 

However, it is reasonable to point out that this correlation is not absolute (Pawelzik et a l , 

2002; Toledo-Rodriguez et a l , 2004). Indeed, some FS basket and bistratified cells have 

been reported to be CCK immunopositive and some basket and bistratified cells that 

displayed a regular firing pattem were PV immunopositive (Pawelzik et a l, 2002).

1.6 HIPPOCAMPUS AND RHYTHMS

Different types of oscillations are apparent in hippocampal electroencephalograms (EEG) 

These oscillatory rhythms appear to be correlated with particular animal behaviours and are 

thought to play an important role in mnemonic and spatial information processing (Kahana et 

a l , 1999). Three main oscillatory pattems are observed: theta oscillations, gamma oscillations 

and sharp wave-associated high frequency ripples. Intemeurones are thought to be involved 

in the generation and maintenance of these rhythms.

1.6.1 Theta oscillations 4-12 Hz

Hippocampal theta activity is a slow wave oscillation between 4 and 12 Hz which is most 

pronounced during exploration and rapid eye movement (REM) sleep (Jouvet, 

1969;Vanderwolf, 1969). The theta rhythm is thought to play a role in memory encoding and 

retrieval. It is generally accepted that the medial septum (MS) plays the role of generator of 

the theta oscillations in the hippocampus since its lesion abolishes the theta waves (Leranth et
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a l, 1999). As previously described (Section 1.2.3), the MS/DB sends two types of 

projection to the hippocampus: cholinergic and GABAergic inputs. The cholinergic and 

GAB Aergic cells are thought to present a rhythmically bursting firing pattem frequency 

(Freund & Antal, 1988;Frotscher & Leranth, 1985) and are therefore considered to be the 

“pacemaker” of the theta rhythm. Although the MS/DB is the main generator of theta waves, 

theta oscillations have been reported in several other structures of the limbic system: 

subiculum, entorhinal cortex, cingulate cortex and especially in the supramammillary nucleus 

of the hypothalamus (SUM). The SUM is reciprocally connected to the MS/DB and also 

projects exclusively to the CA2 region of the hippocampus (Vertes & McKenna, 2000). 

These two types of projections appear to play an important role in the modulation of theta 

oscillations since neurones of the SUM are known to fire phase-locked to the hippocampal 

theta activity (Kirk & McNaughton, 1991). In addition, lesions or procaine injections in the 

SUM of anaesthetised rats reveal a decrease of the frequency and amplitude of theta 

oscillations in the hippocampus in urethane-anaestetised rats (Thinschmidt et a l , 1995).

1.6.1.1 Pyramidal cell firing during theta oscillations- Place cells

In the hippocampus in vivo, pyramidal cells fire at the trough of extracellular theta wave i.e. 

at the peak of intracellular theta when the pyramidal cell somata are most depolarised 

(Klausberger et a l , 2003). A correlation between the firing rate of some pyramidal cells, 

called place cells, and the theta waves has been demonstrated. Place cells fire bursts of action 

potentials only when the animal is in a specific location within its environment, termed the
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“place field”of the cell. Each cell has multiple place fields which combine with those of many 

others to form a precise cognitive map of the environment (O’Keefe & Nadel, 1978). During 

the theta rhythm, the firing of the optimally activated place cells shifts to earlier phases of the 

theta cycle as the rat passes through each cell ’ s place field (O'Keefe & Recce, 1993; Skaggs 

et a l , 1996). This phenomenon, called phase precession, reveals that theta oscillations are 

responsible for the timing of the place cells. The phase shift of the place cell spike discharge 

relative to theta oscillations, therefore, underlies the position of the rat in the environment.

1.6.1.2 Interneuronal firing during theta oscillations

Juxtacellular labelling of intemeurones following recordings in vivo demonstrated that different 

classes of hippocampal intemeurones fire at distinct phases of theta oscillations; presumably 

contributing differentially to the control of the pyramidal network activity (Klausberger et a l , 

2003; Klausberger et a l, 2004). For instance, PV-immunopositive basket cells, CCK- 

immunopositive basket cells and axo-axonic cells fire at the positive peak of extracellular theta, 

i.e. when the pyramidal cells are hyperpolarised. These three types of intemeurones, therefore, 

fire out of phase with the pyramidal cells. In contrast, bistratified cells and OEM cells fire in 

phase with the pyramidal cells at the trough of the theta rhythm recorded extracellularly, i.e. 

when the pyramidal cells are most depolarised.

Depending on the postsynaptic domain of the pyramidal cell that they target, different classes 

of intemeurone will have therefore different functions during theta. Intemeurones targetting the 

pyramidal cell soma (basket and axo-axonic cells) fire before the pyramidal cells and may be
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responsible for the precise timing and synchrony of these cells. In contrast, dendiite-targetting 

intemeurones (bistratified and OLM cells) fire in phase with the pyramidal cells. They are 

thought to “shunt” local excitatory inputs to pyramidal cell dendrites inhibiting the generation 

of calcium spikes (Miles et a l, 1996).

1.6.2 Sharp wave-associated ripples 120-200 Hz

Sharp wave-associated ripples occur during non-theta and non-gamma related behaviour, 

during consummatory behaviour, immobility or slow wave sleep (Buzsaki et a l , 1983). These 

oscillations are intrinsic to the hippocampus and are generated by synchronised burst firing 

(“ripples”) of the CA3 pyramidal cells generating fast oscillations in the CAl region (Ylinen 

et a l , 1995). In rat hippocampal slices, application of AMPA or NMDA receptor antagonists 

completely abolished bursts of action potentials suggesting that synaptic transmission plays a 

role in the generation of fast ripples (Dzhala & Staley, 2004). However, Traub & Bibbig 

(2000) also suggested a role for axo-axonic gap junctions in the fast synchronisation of 

pyramidal cells. These ripples are thought to play a role in memory consolidation (Buzsaki et 

al, 1998).

In vivo, in the CAl region, pyramidal cells, PV-immunopositive basket cells and bistratified 

cells fire phase-locked to ripple waves (Klausberger et a l , 2003; Klausberger et a l , 2004). 

Basket and bistratified cells may therefore be responsible for the temporal inhibition of the 

pyramidal cells. The activity of OLM cells was found to be suppressed during sharp waves 

suggesting perhaps that these cells are selectively inhibited by intemeurone specific cells (IS-3)

54



which mainly innervate OLM cells (Acsady et a l , 1996a). As OLM cells modulate inputs 

from the entorhinal cortex which are activated during ripples, the suppression of their activity 

during the ripples may allow the increased firing of the pyramidal cells. In contrast to basket 

cells, axo-axonic cells fired only at the beginning of the sharp waves and are then suppressed, 

suggesting again perhaps a selective inhibition of these cells by another class of intemeurone. 

These cells may contribute to the generation of the ripples allowing the synchronous firing of 

pyramidal cells.

1.6.3 Gamma oscillations 30-80 Hz

Gamma oscillations occur at a frequency between 30 and 80 Hz and can be modulated by 

theta waves. They are intrinsic to the hippocampus and to date, two generators of gamma 

oscillations have been described: the dentate gyms and the CA3 region (Csicsvari et a l, 

2003). These oscillations can be induced in vitro by application of carbachol or kainate 

(Whittington et a l , 1995;Fisahn et a l , 1998). During carbachol-induced oscillations in CA3 

(Hajos et a l , 2004), pyramidal cells fire at the negative peak of the oscillations. Intemeurones 

targeting the somata of pyramidal cells fire phase-locked after the negative peak followed by 

the discharge of dendrite preferring intemeurones.

Dendro-dendritic gap junctions between intemeurones are thought to play a cmcial role in the 

generation of gamma oscillations (Fukuda & Kosaka, 2000). Computer modelling studies also 

underlined the possible involvement of axo-axonic gap junctions between pyramidal cells in 

gamma oscillations (Traub et a l, 2003).
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1.7 CHEMICAL SYNAPSES

Chemical synapses mediate the flow of information frompre- to post-synaptic neurones via 

release of neurotransmitter into the synaptic cleft. Electron microscopic (EM) studies have 

demonstrated that the axon terminals of pyramidal cells containing the main excitatory 

neurotransmitter glutamate, form asymmetrical synapses (DeFelipe et a l , 1988). Inhibitory 

synapses are symmetrical and exert their inhibitory action via the neurotransmitter GAB A 

(Andersen et a l, 1963; Seress & Ribak, 1985).

1.7.1 Synaptic release

The release of neurotransmitter ft-om a presynaptic neurone involves the fusion of synaptic 

vesicles that contain the neurotransmitter with the plasma membrane. Once fused, the 

neurotransmitter is liberated into the synaptic cleft leading to the activation of postsynaptic 

receptors. The trigger for neurotransmitter release is the arrival of an action potential (A?) at 

the presynaptic terminals. This event leads to the interaction of a number of highly specific 

proteins, which are located on the synaptic vesicle membrane and at the active zone in the 

plasma membrane and these protein-protein interactions lead to vesicle fusion. For 

neurotransmitter release to be sustainable, the fused vesicles must be recycled.

A vesicle has to be mature, primed and release competent for the neurotransmitter to be 

released. The exocytosis can be divided into different steps, called docking, priming and
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calcium-dependent fusion. The vesicle must first dock at an active zone to avoid inappropriate 

positioning and to lead to the formation of a fusion core complex via the dissociation of 

“unlocking proteins” (Sudhof, 1995) and protein-protein interactions. This complex involves 

three specific proteins called SNARE proteins (SNAP-receptor, or soluble NSF attachment 

protein receptor): namely synaptobrevin (VAMP, vesicular membrane protein) present in the 

vesicular membrane and SNAP 25 (synaptosomal-associated protein of 25 kDa) and syntaxin 

present in the plasma membrane (Seagar et a l , 1999). This complex forms a receptor for 

cytosolic CCSNAP (soluble NSF attachment protein) which is a high affinity binding site for 

NSF (N-ethylmaleimide-sensitive ATPase). The hydrolysis of ATP following the binding of 

NSF to the OCSNAP-core complex is thought to initiate the vesicle-plasma membrane fusion 

(Benfenati et a l , 1999) and the disassembly of the fusion core complex (Tolar & Pallanck, 

1998). This dissociation and the formation of SNARE monomers appears to be necessary for 

the next docking cycle.

Once the SNARE complex is formed, the vesicle needs to become mature and competent for 

calcium triggered release through a process called priming. The delay between 

docking/priming and neurotransmitter release in the synaptic cleft is thought to be very fast, 

less than 200 [Is (Llinas et a/., 1981) suggesting that the protein-protein interactions essential 

for docking and fusion-competence occur before the arrival of AP/Ca^^ influx.

Studies in the frog neuromuscular junction demonstrated that Ca^  ̂influx is essential for AP- 

triggered release (Katz & Miledi, 1967). Synaptotagmins 1 and 2 located in the vesicular 

membrane contain several Ca^  ̂binding sites and have therefore been proposed to be the best 

candidates for Ca^  ̂sensors and site of the release trigger (Davis et a l , 1999). For the fusion
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to occur, four ions needs to bind to each sensor (Dodge, Jr. & Rahamimoff, 1967;Reid 

et a l , 1998). This 4* power relation is thought to play a role in short term synaptic plasticity 

(See section 1.7.2.2).

The presynaptic terminal contains, in equilibrium, a number of pools of synaptic vesicles which 

are each at different stages in the exocytosis cycle. The docked and fully fusion-competent 

vesicles form the immediately releasable pool (Auerbach & Bennett, 1969) whereas the 

readily releasable pool contains vesicles that are ready to dock or are docked, but not yet 

fusion-competent (0.5-15% of all synaptic vesicles in the terminal) (Benfenati et a l , 1999). 

There is also a reserve pool which is attached to microfilaments of the cytoskeleton located 

at some distance from the active zone. Synaptic transmission and efficacy will therefore 

depend on the size of these pools, their mobilisation and their replenishment rate during high 

frequency activity.

The replenishment of the synaptic vesicle pools is via three pathways (Harata et a l , 2001). 

The fastest one is the “kiss and stay” pathway which returns the emptied vesicles veiy quickly 

(Is) to the immediately releasable pool. The immediately releasable pool is restocked thanks 

to this fast retrieval and the mobilisation of the readily releasable pool. After a prolonged 

stimulation, the readily releasable pool will be replenished by vesicles from the reserve pool 

(Harata et a l , 2001). The vesicles from the readily releasable pool are typically retrieved by 

a rapid endocytosis (30-40s) whereas the vesicles from the reserve pool are retrieved by a 

clathrin-coated slow pathway (1 minute).

58



The depletion and replenishment rate of the immediately and readily releasable pools will affect 

the vesicular release probability and therefore the synaptic short term dynamics.

1.7.2 Short term dynamics

The probability of release {p) at low firing frequencies determines the pattem of 

neurotransmitter release in response to a pair, or train, of action potentials. The probability at 

any one release site will depend on the probability that each vesicle in the immediately 

releasable pool will be released and the number of vesicles in that pool. The properties of 

synaptic connections are known to vary according to the type of target cells. Generally, it is 

accepted that the synaptic connections with low release probability exhibit paired pulse or 

brief train facilitation whereas high probability connections exhibit paired pulse or brief train 

depression (Tsodyks & Markram, 1997; Chance et a l, 1998; Thomson et a l, 1993a; 

Thomson et a l , 1993b). To date, five mechanisms contributing to presynaptic depression and 

three contributing to presynaptic facilitation have been described (Thomson, 2000;Thomson,

2003).

1.7.2.1 Mechanisms contributing to synaptic depression.

Release site refiuctoriness is considered to be the predominant mechanism that contributes to 

paired pulse depression (PPD) (Betz, 1970). This phenomenon can last up to 100 ms and 

appear to be present at all synapses but can be hidden if the probability of release is low. If
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the probability of release is high, a large number of release sites will release neurotransmitter 

in response to the first AP. These release sites become refractory and therefore fewer release 

sites will be available at the arrival of the second AP, especially if the interval between the first 

and second AP is short. The precise mechanism involved in release site refractoriness remains 

unknown. However, one mechanism proposed involves a vesicular protein called Rab3 A . 

Rab3 A is a small G-protein that is bound to the vesicular membrane, only when concomitantly 

bound to OTP. Rab3 A forms a complex with Synaptobrevin, SNAP 25 and Syntaxin in the 

absence of NSF and OCSNAP (Horikawa et al., 1993). The hydrolysis of OTP that occurs 

after fusion leads to the dissociation ofRab3 A from the membrane. Rab3 A is thought to inhibit 

the fusion of neighbouring fusion competent vesicles (Geppert et aA, 1997; Geppert & 

Sudhof, 1998).

The second mechanism is release independent depression (RID) (Thomson & Bannister,

1999). This depression is independent of the transmitter release probability and can be 

observed at both depressing and facilitating excitatory synapses. RID is apparent when the 

second EPSP (excitatory post-synaptic potential) evoked at short interspike intervals (10-15 

ms) is on average smaller than the second EPSP at longer intervals even following failures of 

transmission when no release was triggered by the first AP. RID appears to be selectively 

expressed at pyramidal axon terminals which synapse onto différents classes of intemeurones. 

In CAl, connections from pyramidal cells to basket or bistratified cells display this 

phenomenon, whereas connections from pyramidal cells to OLM cells do not (Thomson & 

Bannister, 1999). Again, the mechanism is yet unknown. The involvement of N-type Ca^^
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channels has been proposed. These channels appear to become inactive after brief and 

repetitive activation (McNaughton et al., 1998). However, the presence and involvement of 

the N-type Ca^  ̂channels at specific synapses that exhibit RID remain to be determined.

A slow decaying component of paired pulse depression which represents a depression of 

approximately 10-20% of the amplitude of the first EPSP at long intervals (> 50 ms) has also 

been described (Thomson & West, 2003). The mechanism is yet unknown. However, this 

slow component of PPD may result from a partial depletion of the immediately releasable 

pool.

Frequency dependent depression can be seen following high frequency activity. The amplitude 

of EPSPs decrease gradually (seconds-minutes) and this phenomenon is thought to result fiom 

the depletion of the readily releasable pool.

More recently, another form of depression, called the Notch filter, has been reported 

(Thomson & West, 2003). The second EPSP was found to be further depressed at intervals 

between 15 and 25 ms. This phenomenon is brief (half-width 5 ms) and followed short interval 

depression interrupting subsequent recovery. It is thought that, at synapses displaying this 

mechanism, all EPSPs in trains exhibit this from of depression. It has been described at 

pyramid-pyramid connections and pyramid-PV immunopositive intemeurone connections in 

adult rat and cat cortical slices. The Notch filter is thought to be presynaptically mediated, 

however, the underlying mechanism remains to be determined.
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1.7.2.2 Mechanisms contributing to synaptic facilitation

To date, three mechanisms contributing to an enhancement of release have been described: 

facilitation, augmentation and post tetanic potentiation (FTP).

Synaptic connections with a low probability of release at low firing firequencies exhibit paired 

pulse facilitation. Facilitation that lasts up to 60 ms appears to be expressed at all connections, 

but can be hidden when p is high. This phenomenon can be explained by the 4* power relation 

between synaptotagmin and the Ca^  ̂ions that triggers neurotransmitter release. Four Ca^  ̂

ions are required to bind to the sensor, synaptotagmin, for the vesicle to become fusion 

competent. If some, but not all four Ca^  ̂ions bind to the sensor following a first AP, the 

release following the second AP will be enhanced if these initial Ca^  ̂ions remain bound 

(Carlson & Jacklet, 1986; Stanley, 1986).

Augmentation is apparent at many facilitating connections where the third, fourth and fifth 

EPSPs are larger (on average) than the second and decays more slowly than facilitation. It 

appears to be dependent on the Câ '̂  concentrations at the release site, the first interspike 

interval and the number of preceding APs (Thomson & Deuchars, 1997).

Post-tetanic potentiation (FTP) develops and decays more slowly than facilitation and 

augmentation. FTP is dependent on a prolonged increase of intracellular Ca^  ̂concentration 

following high frequency activity. The size of the readily releasable pool is increased by
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mobilisation of the reserve pool, therefore leading to an increase of the immediately releasable 

pool. The mobilisation of the vesicles from the reserve pool is thought to result from the Câ  ̂

dependent phosphorylation of synapsin which binds the vesicle to the actin cytoskeleton 

(Rosahl et a l, 1995; Doussau & Augustine, 2000).

1.7.3 Properties of local connections in the CA regions of the hippocampus

In the CAl region, paired intracellular recordings demonstrated the connectivity between 

pyramidal cells and from a pyramidal cell to different types of intemeurones. OLM cells were 

described to be more densely innervated by neighbouring pyramidal cells (probability 1:3) than 

bistratified cells (1:7) or basket cells (1:22) (Ali et a l, 1998; Ali & Thomson, 1998). In 

contrast, pyramidal cell-pyramidal cell connections were less common (1:109) (Deuchards 

& Thomson, 1996).

Within the hippocampus, synaptic connections between pyramidal cells and between 

pyramidal cells and intemeurones display distinct short-term dynamics which is largely 

dependent on the type of postsynaptic target cell. Paired recordings in the CAl region have 

demonstrated that inputs onto different classes of intemeurones exhibit different probabilities 

of release leading to different forms of short term synaptic dynamics (Ali & Thomson, 

1998;Deuchars & Thomson, 1996;Losonczy et a l, 2002;Pawelzik et a l, 2002). For 

example, pyramidal inputs to OLM cells display a low probability of release and brief train 

facilitation in rat (Ali & Thomson, 1998) and mouse (Losonczy et a l , 2002). In contrast, 

pyramidal synapses onto basket and bistratified cells (Ali et a l, 1998;Losonczy et a l.
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2002;Pawelzik et a l , 2002) and other pyramidal cells display a higher release probability and 

brief train depression (Deuchars & Thomson, 1996).

Synaptic connections between neighbouring pyramidal cells and between pyramidal cells and 

intemeurones have also been described in the CA3 region of guinea-pig hippocampus (Miles 

& Wong, 1986;Miles, 1990b;Miles, 1990a). Recent studies have described short-term 

plasticity of excitatory connections in the C A3 region using hippocampal slice cultures (Aaron 

& Dichter, 2001). Synapses from pyramidal cells to intemeurones in Stratum Oriens were 

found to be depressing. These intemeurones were not, however, identified morphologically. 

Studies in both acute slices (Miles, 1990a) and organotypic cultures (Pavlidis & Madison, 

1999; Aaron & Dichter, 2001) demonstrated monosynaptic excitatory cormections between 

pyramidal cells that displayed paired-pulse depression. Paired recordings in the CA3 region 

showed that local excitatory connections between CA3 pyramidal cells were more common 

than between CAl pyramidal cells (7 excitatory connections in about 400 paired recordings- 

hit rate 1:57) (Miles & Wong, 1986).

As the CA2 region has been largely ignored, the selectivity in targeting of CA2 pyramidal cells 

and intemeurones and the specificity of the connections of the CA2 subfield remain to be 

studied.
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1.7.4 Receptors

1.7.4.1 Glutamate receptors

Glutamate is the major excitatory neurotransmitter in the brain. Glutamate receptors can be 

divided into two groups: ionotropic and metabotropic receptors.

The ionotropic receptors can be subdivided into NMDA (N-Methyl-D-Aspartate), AMPA 

(alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate) and kainate receptors. 

NMDA receptors consist of five subunits: NRl andNR2A -D. NRl subunits are essential 

for the activity of the receptors whereas NR2 subunits modulate the activity of these receptors 

in association with NRl. In the adult hippocampus, NR2A and NR2B are present in 

pyramidal cells of the CA 1 and C A3 regions, whereas NR2C and NR2D are present in some 

intemeurones (Monyer et al., 1994).The NMDA receptors are permeable to N a \ and 

Ca^ .̂ The activation of these receptors requires the binding of two agonists, glutamate and 

glycine (Johnson & Ascher, 1987; Snell e/a/., 1987; Thomson, 1989) and can be modulated, 

in a voltage-dependent manner, by magnesium (Mg^ )̂. At negative membrane potentials (> - 

40 mV), the NMDA receptor channels are blocked by Mĝ "̂ . This blockade is removed at 

more depolarised potentials (Mayer et a l, 1984;Nowak et a l, 1984). The NMDA 

receptors, once activated, are slow to turn off and contribute to the slow component of EPSPs 

with a rise time of 3 ms and decay time of 40 ms.

The AMPA receptors is composed of four subunits GluRl, GluR2, GluR3 and GluR4. All 

receptors are permeable to Na"̂  and K^, but only some AMPA receptors are permeable to
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This characteristic is dependent upon the subunit composition. Indeed, the inclusion of 

the GluR2 subunit renders the receptor impermeable to Ca^  ̂(Hollmann 1991). In terms 

of subunit expression, GluRl is present in all neurones. GluR2/3 appears to be present mainly 

in pyramidal cells, whereas GluR4 expression is weak in pyramidal cells but found at high 

concentrations in PV, CB, CR and SOM-immunopositive intemeurones located in stratum 

oriens and stratum pyramidale (Baude et a l , 1995;Leranth et a l , 1996). AMPA receptors 

contribute to the fast component of EPSPs as they can be turned on and off quickly (rise time 

0.09 ms and decay time 1.5 ms).

Kainate (KA) receptors are composed of five subunits GluR5-7 and KA1-2 (Hollmann & 

Heinemann, 1994 for review). These receptors are permeable to Na^and K .̂ In the 

hippocampus, KA receptors are thought to play a role in the modulation of glutamatergic 

(Clarke et a l , 2002) and GABAergic transmission (Cossart et a l , 1998; Rodriguez-Moreno, 

1997). KA receptors are also involved in the induction of mossy fibre LTP which is 

independent of NMDA receptors (Bortolotto et a/., 2000). In addition, KA receptors are 

thought to be involved in gamma oscillations (Fisahn, 2004).

The metabotropic glutamate receptors (mGluRs) are G-protein coupled receptors. There are 

eight different mGluRs (mGluRl -8). With the exception of mGluR6, all other mGluRs are 

expressed in the hippocampus (Shigemoto et a l , 1997). mGluR5 and 7 are expressed in all 

layers of the hippocampus whereas the other subunits show restricted localisation. 

Immunochemical studies demonstrated that mGluRlOC receptors are expressed only in
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intemeurones, particularly in SOM-immunopositive intemeurones like the OLM cells and in 

intemeurone specific cells containing VIP and calretinin (Baude et a l , 1993;Ferraguti et a l ,

2004). In addition, mGluR? receptors are present at glutamatergic terminals (Shigemoto et al., 

1996) and GABAergic terminals of VIP-immunopositive neurones making synapses onto 

SOM and mGluRl OC-immunopositive OLM cells (Somogyi et a l , 2003). The activation of 

these receptors is thought to modulate hippocampal excitatory synaptic transmission 

decreasing the amplitude of evoked EPSCs in acute slices (Losonczy et a l, 2003).

1.7.4.2 GAB A receptors

GABA (Gamma-Aminobutyric acid) is the major inhibitory neurotransmitter in the brain. There 

are three types of GABA receptors: GAB A^, GAB Ab and GAB Ac. GAB Ac is essentially 

present in the retina and will not be discussed here.

GAB Aa receptors mediate fast inhibitory neurotransmission and are permeable to chloride 

ions (Connors et a l , 1988;McCormick, 1989) and bicarbonate ions (Kaila et a l , 1989). The 

GAB A^ receptors are heteromeric pentamers. There are at least four types of subunits, CC1 -6, 

P 1 -4, Y1 -2 and Ô. In the hippocampus, pyramidal cells have been found to express up to 

10 different GABA^ receptor subunits (Fritschy & Mohler, 1995). Functional GABA^ 

receptors are formed from combinations of CC and P subunits with the inclusion of y and Ô 

conferring additional properties. The OC and P subunits contribute to the GABA-binding site 

and both the CC (1, 2, 3, 5) and y2 subunits are required for the benzodiazepine (BDZ) 

binding site (Pritchett et a l , 1989). The pharmacological sensitivities to benzodiazepines of
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the GAB Aa receptors depend on the subunits included. Diazepam, a compound that has been 

shown to have anxiolytic activities (Low et a l , 2000) modulates receptors that contain the 

a l ,  Ct2, a3, 0C5 and y2 subunits. Zolpidem, a compound that has been shown to have 

sedative and anticonvulsant activities (Crestani et a l , 2000) exhibits a higher affinity for the 

OCl subunit and very low affinity for (X5 (Korpi et a l, 2002). In contrast, zinc blocks 

receptors that contain y2 and CC5p (Draguhn et a l, 1990).

Different presynaptic intemeurones act selectively through specific subclasses of GAB A^ 

receptors located in different domains of the pyramidal cells and have, therefore, different 

functions. The CC2 subunit has been found to be expressed mainly in the axon initial segments 

of pyramidal cells that are innervated by axo-axonic cells. Receptors that contain the CL 1 

subunit were found in many GABAergic synapses whereas CC5 subunits are essentially 

expressed in pyramidal cell dendrites, regions innervated by bistratified and trilaminar cells 

(Nusser et a l , 1996). Paired intracellular recordings demonstrated that IPSPs elicited by FS 

basket cells are strongly enhanced by zolpidem and diazepam and are therefore mediated by 

GAB Aa receptors that contain the OC 1 subunits while IPSPs activated by RS basket cells were 

less sensitive to Zolpidem and therefore mediated by 0C2/3 subunit containing receptors. In 

contrast, IPSPs elicited by bistratified cells were sensitive to Diazepam but not to Zolpidem 

and blocked by Zn^  ̂suggesting that these intemeurones act on GAB Aa receptors that contain 

the CC5 subunit (Pawelzik et a l , 1999; Thomson et a l , 2000). In addition, EM studies using 

immunogold revealed that PV-immunonegative basket cells that are more likely to be RS act 

on G A B A a  receptors containing the CC2 subunit (Nyiri et al., 2001).
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Postsynaptic GAB Ab receptors mediate slow inhibitory neurotransmission via a G-protein 

coupled mechanism (Connors et a l , 1988). This type of GABA receptor consists of two 

subunits: GAB Agi and GABAg2. GABAg receptors are thought to contribute to the slow 

component of IPSPs which is observed following a brief train of APs at a minority of 

inhibitory connections (Thomson et a l, 1996).

1.8 ELECTRICAL SYNAPSES (GAP JUNCTIONS)

In addition to chemical transmission, neurones have the ability to communicate rapidly with 

each other via electrical synapses also called electrical gap junctions. These junctions are less 

common than chemical synapses in the mature brain. Furshpan and Potter (1957) first 

described electrical synaptic transmission in the giant motor synapse of the crayfish. The 

extremely short latency between the presynaptic AP and the postsynaptic potentials observed 

lead to the implication of an electrical, rather than a chemical, transmission.

A gap junction consists of two hemi-channels called connexons, one in each connected 

neurones. The close apposition (3.5 nm apart) of the two hemi-channels forms the gap 

junction, which rapidly mediates the flow of current between the two cells. Each connexon is 

made up of six connexins and depending on the types of connexins constituting the gap 

junctions, electrical synapses will present different permeabilities (Goldberg et a l , 1999). The 

presence of gap junctions has been demonstrated using dye-coupling experiments in the rat 

hippocampus in vitro and in vivo ( Mac Vicar & Dudek, 1980; MacVicar et a l, 1982).
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Dye-coupling has frequently been observed in immature tissue, however, the incidence 

decreases during development.

In the rat hippocampus, gap junctions have been described between the dendrites of PV- 

immunopositive intemeurones (Katsumam e ta l , 1988; Fukuda & Kosaka, 2000), between 

the dendrites of intemeurones located in SO (Zhang et al., 2004) and between intemeurones 

that express CBl receptors (Galaretta et al., 2004). Close appositions of the dendrites of 

intemeurone specific cells (IS-1 ) suggesting the presence of gap junctions between the two 

cells have also been described (Freund & Buzsaki, 1996).

Gap junctions are thought to be involved in hippocampal oscillatory rhythms such as gamma 

oscillations and sharp-wave associated ripples (Traub et a l , 2001 ; Freund, 2003; Nimmrich 

et a l , 2005). The synchronised discharge of interconnected pyramidal cells may therefore be 

mediated by dendro-dendritic gap junctions between intemeurones but also by gap junctions 

between pyramidal cells as ripples persist in the absence of inhibition (Nimmrich et al., 2005). 

Electrotonic coupling between pyramidal cells through axo-axonic gap junctions has been 

suggested by computer simulation to be important for hippocampal oscillations (Traub & 

Bibbig, 2000). The presence of gap junctions between hippocampal pyramidal cells was also 

indicated by the spikelets elicited by antidromic stimulation of neighbouring pyramidal cells 

(Schmitz et a l , 2001 ) and dye-coupling (Church & Baimbridge, 1991; Baimbridge et a l , 

1991; Schmitz et a l , 2001). However, direct electrical coupling between pyramidal cells in 

the adult brain has yet to be further documented.
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1.9 AIM OF THE STUDY

The hippocampus plays an important role in memory acquisition and spatial information 

processing. The role of inhibitory neurones in hippocampal oscillations appears to be crucial 

and explains the still increasing attention that they receive in terms of morphological and 

functional characterisations. To date, these intemeurones have been extensively studied in the 

CAl and CA3 regions. Although existing evidence suggests that the CA2 region, so far largely 

ignored, may play an important role in the hippocampal circuitry, the morphological and 

physiological characterisation of intemeurones ofthis region remained to be studied. The major 

aim of this study was, therefore, to determine whether intemeurones of the CA2 region have 

similar dendritic and axonal arbourisations, firing pattems and synaptic responses to those of 

similar classes in the CAl and CA3 regions.

In addition, gap junctions are thought to play an important role in hippocampal oscillatory 

activity. To date, electrical synapses have been most convincingly demonstrated between 

intemeurones of the CAl region. The importance of gap junctions between pyramidal cells has 

been suggested by computer modelling studies but direct experimental evidence has been 

lacking. Evidence for electrical coupling between pyramidal cells of the CAl region in the adult 

hippocampus was therefore sought in this study.
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2.0 GENERAL METHODOLOGY

Sharp micro-electrodes were used to record intracellularly from pairs of synaptically 

connected neurones in adult rat hippocampus. The biocytin filling of the cells during the 

recordings also allowed fine neuronal anatomy to be studied. Additionally, this technique 

enables the subsequent demonstration of calcium binding protein or peptide content of 

recorded intemeurones. In this chapter, the choice of animal model (2.1) will initially be 

discussed followed by the routine husbandry (2.1.1) and the technique used to isolate 

hippocampal slices (2.1.2). The electrophysiological techniques used (2.2) will be detailed 

followed by a discussion of the numerous histological techniques employed in this study. These 

techniques include biocytin visualisation (2.3), immunofluorescence (2.4) and the histochemical 

and immunocytochemical characterisation of the different regions of the hippocampus (2.5). 

The chapter will be concluded with a list of chemical solutions used and their constituent 

compounds (2.6).

2.1 ANIMALS

Although a range of animals (mouse, guinea-pig, rabbit) could have been used, the rat was 

chosen for the purpose of this study. The rat is commonly used for hippocampal studies due 

to its increasingly well characterised morphology, physiology and its physical size and has 

become the classic model for mammalian hippocampal investigations.

Two strains of rat were used, Sprague-Dawley and Wistar rats. 90 experiments were carried
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out with Sprague-Dawley rats and 26 experiments with Wistar rats. No electrophysiological 

or morphological differences were seen between the two strains.

2.1.1 Husbandry

Adult male Sprague-Dawley and Wistar rats weighing 90-200 g were supplied by the Central 

Biological Unit (Royal Free and University College London) and the School of Pharmacy 

facilities (in house breeding). Rats were fed daily with rat chow pellets, maintained 

thermostatically at 21°C and exposed to a twelve hour artificial light and dark cycles.

2.1.2 Anaesthesia and surgery

All procedures used throughout this study were carried out according to the British Home 

Office regulations with regard to the Animal Scientific Procedures Act 1986.

Male rats were initially anaesthetised by inhalation with Fluothane (ICI Pharmaceuticals, UK), 

used as a premedication procedure to aid animal handling. Once the righting reflex was no 

longer present, animals were more deeply anaesthetised via an intra-peritoneal injection of 

Sodium Pentobarbitone (Sagatal, Rhone Merieux, 60 mg/kg). The level of anaesthesia was 

monitored by the toe pinch reflex; when this reflex was no longer evident, the rats were 

perfused transcardially with ice cold oxygenated modified Artificial Cerebrospinal Fluid 

(mACSF) (See section 2.5.1 ). Sodium Pentobarbitone (60 mg/L) was added to the mACSF 

to maintain the anaesthesia. The perfusion was carried out both to remove red blood cells
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with endogenous peroxidase and to improve preservation of the tissue. For the perfusion, a 

large incision was made in the abdomen below the sternum. Spencer Wells forceps were 

clamped to the base of the sternum and the diaphragm was excised, giving access to the 

thoracic cavity. The rib cage was then cut along both sides revealing the heart. A butterfly 

needle (Butterfly-21) connected to a beaker of mACSF was then inserted into the left 

ventricle. A peristaltic pump (Watson-Marlow 502s, Cornwall, UK) was switched on and the 

right atrium simultaneously cut open with scissors. Once the liquid flowing 6om the right atrium 

became clear, the animal was decapitated with sharp scissors.

An incision was made in the scalp using a scalpel blade to reveal the skull. Each of the skull 

plates were then removed using flat nose pliers exposing the brain. The dura was removed 

with a scalpel and the brain was gently scooped out of the skull and immersed in fresh ice cold 

oxygenated mACSF. The whole brain was placed on the top of a sheet of filter paper 

moistened with cold mACSF and positioned on a petri dish filled with ice. A block of brain 

that included all the dorsal hippocampus was cut. Care was taken to ensure that the caudal 

surface of the block was flat and near coronal. This surface was stuck onto the chuck of a 

Vibroslice (Campden Instruments, Loughborough, UK) and 450-500 |im  slices were cut 

(Photograph 2.1). The slices were placed transiently in a petri dish of ice cold mACSF 

equilibrated with 95% O2 and 5% CO2 (Photograph 2.1) before being transferred to an 

interface chamber using a paintbrush.

Slices were then maintained in the interface chamber with mACSF (95% OilSVo CO2) at 34- 

35°C for Ih. A photograph of the apparatus used is shown in photograph 2.2. A peristaltic 

pump (Gilson Minipuls 3, Wisconsin, USA) was used to maintain a flow rate of 0.9 ml/min.
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Photograph 2.1 Preparation of hippocampal slices (A) Apparatus used to isolate 
hippocampal slices. The brain was stuck onto the chuck of a vibroslice and 
maintained in ice cold modified ACSF. 450-500 pm slices were cut and then 
transferred transiently to a petri dish containing mACSF equilibrated with 
95 “/oOj/ 5% CO2 (B) before being transferred to an interface chamber
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Photographs 2.2 Apparatus used to maintain slices at the interface 
chamber. (A) Slices were maintained in an interface chamber between ACSF 
(flow rate 0.9 ml/min), warm (35“C) and humidified 95% 0 /5%  CO .̂ The 
recording electrodes (not represented here) were placed in the amplifier 
headstages and carefully positioned using manipulators. (B) Close up of the 
interface chamber where the 450-500 pm slices were transferred prior to recordings.
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After Ih, the mACSF was replaced by standard ACSF and the slices allowed to equilibrate 

for a further hour prior to commencing electrophysiological recordings.

2.2 ELECTROPHYSIOLOGICAL RECORDINGS

2.2.1 Paired intracellular recordings

2.2.1.1 Microelectrodes

Conventional sharp microelectrodes (resistance 90-190 m Q) filled with a solution of 2% 

Biocytin in 2M Potassium Methylsulfate (KMeSO^) were used for all paired recording 

experiments. They were produced from fllamented borosilicate glass capillaries (Clark 

electromedical, GC120F-10,1.2mm O.D x 0.69mm I.D) using a Flaming/Brown micropipette 

puller (Sutter Instruments, Co, USA). Long working distance objectives were used to visualise 

the morphology of the slices in the interface chamber and to position the electrodes using 

micro-manipulators (Prior, UK).

All paired intracellular recordings were performed under current-clamp conditions using a low 

noise Axoprobe amplifier (Axon Instruments, Burlingame, USA). The electrophysiological 

apparatus is shown in figure 2.1.
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Figure 2.1 Schematic showing the electrophysiological recording set up. 
ME Microelectrodes
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2.2.1.2 Amplifier

The Axoprobe is a dual intracellular amplifier with two head stages. This amplifier has the 

ability to pass current independently into two cells and to record voltage simultaneously 

through two channels.

The Axoprobe was used to impale the cells via buzz buttons, to measure their membrane 

potential against a reference electrode located in the interface chamber and to pass current into 

the impaled cells. The amplifier also enables the neutralisation of electrode capacitance and 

monitoring adjustment of the electrode balance.

2.2.1.3 Oscilloscopes

Two oscilloscopes (a “real time” oscilloscope and a “triggered” oscilloscope) were used to 

visualise the pre- and post-synaptic responses of the tested pairs. The triggered oscilloscope 

was connected to the timing devices allowing the visualisation of the paired recordings in a 

sweep by sweep mode. Both oscilloscopes allowed the monitoring of the membrane potentials 

and the level of spontaneous synaptic activity.

2.2.1.4 Timing devices

Single spikes or brief trains of action potentials were elicited in the pre-synaptic cell by 

injection of square wave current pulses repeated at 0.33Hz. The step command was used to
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inject small brief current pulses into the post-synaptic cell prior to the response to pre-synaptic 

spikes to monitor the electrode balance.

2.2.1.5 Data digitisation

During the recordings, the data were digitised using an analogue to digital converter, CED 

1401 (CED, Cambridge, UK). A sample rate of 10 kHz (voltage resolution 0.005-0.01mV) 

was chosen to obtain a high resolution recording of the original signals. The CED 1401 was 

connected to a personal computer installed with Spike 2 software (Cambridge Electronics 

Design). This was used to record the electrophysiological data on-line, allowing a choice of 

gains for the pre- and post-synaptic cells. Data (pre- and postsynaptic waveforms over a 

defined time course of300 ms, termed a “sweep”) were then converted off-line to a format 

compatible with in-house analysis software which has been designed by Dr David West. This 

software was used for sweep selection, PSP averaging and single sweep measurements. 

The electrophysiological characteristics of recorded cells were obtained fi*om their voltage 

response to 400 ms current pulses between - 0.4 and+0.6 nA in amplitude using Spike 2.

2.2.2 Strategy

Paired intracellular recordings were carried out in the three C A regions of the hippocampus. 

The strategy most frequently adopted was to obtain a stable recording of a pyramidal cell in 

Stratum Pyramidale (SP) of CAl, CA2 or CA3 with one electrode and to search for another
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cell (either another pyramidal cell or an intemeurone) in or close to SP with the other micro- 

electrode. Pairs of neurones were tested for a possible connection in each direction by driving 

the discharge of each putative presynaptic cell with suprathreshold current injection (100-360 

ms, 0.33 Hz). Any EPSPs or IPSPs elicited in the postsynaptic neurone were recorded. If 

these two cells were not synaptically coupled, the second cell was discarded and another cell 

was penetrated and tested with the second electrode, and so on until a connection was found. 

However, if an intemeurone was impaled with the second electrode, that intemeurone was 

held and the search for another connected cell was made with the first electrode. 

During recordings, inhibitory intemeurones were recognised by their discharge characteristics 

and/or by their ability to activate IPSPs in simultaneous recorded postsynaptic neurones.

2.2.3 Biocytin filling

The neurones were filled either by passive diffusion of Biocytin during the recording or in some 

cases also by current injection for up to 10 minutes (pulse width 0.5 sec; amplitude +0.5 nA; 

frequency 1 Hz) at the end of the recording.

2.2.4 Data analysis

2.2.4.1 Measurement

The data were analysed off-line using in-house software. Individual sweeps were observed
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and either accepted or rejected according to the trigger points, the number of presynaptic 

spikes and the level of spontaneous synaptic activity. Averaging of postsynaptic potentials 

(PSPs) (as shown in figure 2.2 and 2.3) was triggered by the rising phase of the first 

presynaptic spike for the first PSP, the rising phase of the second presynaptic spike for the 

second PSP and so on. Sweeps that included large spontaneous events or artefacts were 

rejected. The average first PSP amplitude was measured as the difference between the 

baseline and the peak of the PSP. The 10-90% rise time was measured as the time taken for 

the PSP to rise from 10 to 90% of its peak amplitude. The width at half amplitude was 

measured as the time interval between the PSP rising to 50% and falling to 50% of its peak 

amplitude (Figure 2.4). In this study, all data are presented as mean ± standard deviation. 

Second (third) PSPs elicited at different interspike intervals (i.e. within a given time window 

after the first spike) were averaged.

All excitatory connections that presented sufficient sweeps (recordings longer than 10 minutes) 

and a relatively stable base line were submitted to single sweep measurement by hand using 

cursors. When the second (third) PSP was well separated from the first (second), the 

measurement was done as described before i.e. as the difference between the baseline and 

the peak of the second (third) PSP. If the second (third) PSP was at a shorter interspike 

interval, the amplitude was measured as the difference between the peak of the second (third) 

PSP and the corresponding point on the falling phase of the average first EPSP (second), 

which was scaled to fit the amplitude of the first (second) PSP in that sweep (Figure 2.5). 

Where no postsynaptic response was observed, a value ofOmV was entered to represent a 

failure in synaptic transmission. Following single sweep measurements, second and third EPSP
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Figure 2.2 Raw data from an excitatory connection between a bistratified cell and 
a pyramidal cell recorded in the CAl region. Two action potentials were elicited in 
the presynaptic pyramidal cell. The average of the first EPSP is triggered by the rising 
phase of the first presynaptic spike and average of the second EPSP by the rising phase 
of the second spike. In the upper panel (A), three sweeps are superimposed and the 
average is shown in the lower panel (B). All data in this study were averaged in order 
to measure accurately without noise the average amplitude, half-width and rise time. 
The artefacts visible here were subsequent ly removed graphically.
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Figure 2.3 Raw data from an inhibitory connection from a basket cell to 
a pyramidal cell recorded in the CAl region. One action potential in the 
presynaptic intemeurone elicited an IPSP in the post-synaptic pyramidal cell. 
In the upper panel (A), three IPSPs are superimposed and the average is 
shown in the lower panel (B). All data in this study were averaged in order 
to measure accurately without noise the amplitude, half-width and rise time. 
The artefacts present here were subsequently removed graphically for figures.
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Figure 2.4 Measurement of an EPSP average. The amplitude was 
measured from the base line to the peak of the EPSP. The half-width 
was measured as the time interval between the EPSP rising to 50% 
and falling 50% of its peak amplitude. The 10-90% rise time was measured 
as the time taken for the EPSP to rise from 10 to 90% of its peak amplitude

Scaled average

Figure 2.5 Measurement of the second EPSP. If the second EPSP is well 
separated from the first, the measurement is done as described before ie as the 
difference between the baseline and the peak of the second EPSP. If the second 
EPSP was elicited at a shorter interspike interval, the amplitude is measured as 
the difference between the peak of the second EPSP and the corresponding point 
on the falling phase of the averaged first scaled to fit the amplitude of the first EPSP.
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amplitudes were smoothed (running average 10-30 points) and plotted against interspike 

intervals using PSI-Plot software.

2.2.4.2 Determination o f a pre- or postsynaptic mechanism fo r short-term dynamics.

Whether the short term dynamics were due to pre- or post-synaptic mechanisms was 

determined in two ways.

A straight forward method was to determine the proportions of apparent failure of synaptic 

transmission with each successive APs as the failure rate is inversely correlated with the 

probability of neurotransmitter release.

The second method used was the coefficient of variation (CV) analysis (Faber & Korn, 

1991 ;Kom & Faber, 1991). The mean amplitude and CVs were calculated following single 

sweep measurements. If the connections are adequately described by a simple binomial 

model, CV^ is equal to [np!{\-p)] and therefore independent of q, while M is equal to [npq] 

where q was the quantal amplitude, n the number of release sites,/? the probability of release 

and M the mean EPSP amplitude. In a plot of normalised CV^ against normalised amplitude, 

a change in M but not in CV^ indicates a change only in q (post-synaptic change), a change 

in CV^ but not in M indicates a change in n (or bothp  and q) and a change in CV greater 

than M a change in p  (pre-synaptic change).
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2.3 BIOCYTIN VISUALISATION

The histological techniques used in this study have been described previously (Hughes et a l ,

2000). The histochemical protocol allowed the visualisation of Biocytin and therefore the 

morphological characteristics of the recorded cells. Intemeurones were further characterised 

by combining immunofluorescence with the histochemical protocol to reveal the calcium- 

binding protein and/or peptide content of recorded intemeurones (Section 2.4).

2.3.1 Fixation

The double fixation technique described by Sabatini et al (1963) was used in this study. The 

sections were firstly immersed in a solution ofbuffered paraformaldehyde, glutaraldehyde and 

picric acid and secondly post-fixed in Osmium Tetroxide giving a good contrast for both light 

and electron microscopy.

Depending on which protocol (only histochemical or immunofluorescent followed by 

histochemical) was to be carried out, the slices were fixed ovemight in one of two fixative 

solutions (See section 2.6.2). A small amount of glutaraldehyde and saturated picric acid 

solution were added to both fixative solutions to enhance antibodies penetration and to 

preserve the ultrastmcture of the cells (Somogyi & Takagi, 1982).

At the end of the recordings, slices were placed between two pieces of wet filter paper and 

immersed in fixative to keep them as flat as possible. They were kept ovemight in the fixative 

solution at 4°C.
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2.3.2 Gelatin embedding

On the following day, the slices were washed twice in 0. IM PB to remove any trace of 

paraformaldehyde and trimmed down to keep only the hippocampus. The slices were placed 

in a petri dish and covered with a warm solution of 12% gelatin (w/v). The gelatin was allowed 

to cool down at room temperature whilst ensuring that the slice was kept flat. The petri dish 

was then placed in the fridge for 30 minutes.

A small block containing the gelatin-embedded tissue was then cut out of the dish using a 

scalpel and carefully placed in the same fixative solution used to fix the slices for another 30 

minutes at 4°C, prior to cutting.

2.3.3 Cutting

The gelatin block was washed inO.lM PB, dried using a piece of paper tissue and stuck onto 

a vibratome chuck using superglue. The edges of the block were trimmed down to remove as 

much gelatin as possible. The 450|im slices were then resectioned at 60 |im  thickness using 

a Vibratome (Agar Scientific, Stanstead, UK) and each section was placed carefully in a glass 

vial containing 0.1 M PB.

The gelatin surrounding the tissue was then carefully removed under a stereoscopic 

microscope using a scalpel, prior to permeabilisation.
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2.3.4 Permeabilisation

Although detergents (such as Triton) can be used to permeabilise the tissue, freeze-thawing 

combined with cryoprotection with sucrose was chosen for this study as it allows optimal 

preservation of the tissue for detailed morphological analysis of the recorded cells. The 

permeabilisation using freeze-thaw results from the rapid formation of ice crystals which 

rupture the membrane allowing the penetration of proteins and antibodies into neurones.

The 60 |im  sections were cryoprotected in 0. IM PB-based sucrose-glycerol solution. The 

sections were treated for 10 min in 10% sucrose solution twice, 20 min in 20% sucrose-6% 

glycerol solution twice and finally 30 min in 30 % sucrose-12% glycerol solution twice whilst 

in constant agitation on a Titramax 100 rotary shaker (Heidolph Instruments, Schwabach, 

Germany).

Sections were placed on a piece of tin foil that was folded so that each sections were kept flat 

in sandwich inside it. The sections were then frozen above liquid nitrogen for 30 s and thawed 

at room temperature. This freeze-thaw was repeated three times before sections were placed 

under constant agitation in a glass vial containing PBS or 0. IM PB (depending on the protocol 

to be followed) to wash off excess sucrose.

It is at this point in the protocol that the immunofluorescent protocol can be inserted for 

identification of cellular markers (See section 2.4).
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2.3.5 Biocytin visualisation

To visualise the Biocytin and therefore the filled cells, the Avidin-HRP (Horse radish 

peroxidase) protocol was used.

Biocytin is chemically known as biotinyl-L-lysine. Biotin is a small molecular weight vitamin 

that binds with a very high affinity to a 68000 molecular weight glycoprotein, Avidin. Avidin 

has four binding sites for Biotin. In this protocol, the biotinylated enzyme HRP was used for 

detection ofbiocytin using a preformed complex between Avidin and HRP which retains some 

biocytin-binding sites (Vectastain Elite ABC Kit, Vector laboratories). Hydrogen peroxide 

(H2O2) will react with HRP resulting in formation of H2O and oxydation of 3,5 

diaminobenzidine (DAB) (Figure 2.6). This oxydation mediates the formation of brown 

pigment and therefore stains the filled cells permanently. In this study, nickel chloride (NiCl2) 

was added to the reaction to obtain a black pigment reaction product improving the 

visualisation particularly of very fine structures.

Following the permeabilisation, the sections were incubated ovemight at 4°C in the ABC 

solution. The following day, the sections were washed and incubated with 1 ml of DAB- 8% 

NiCl2 solution for 15 min. 10 |il of 1 % H2O2 was added to the DAB solution. The reaction 

was allowed to proceed in the dark under constant agitation for about 1 to 2 min or until the 

filled cells were sufficiently labelled to be visualised under a stereoscopic dissecting 

microscope.

90



NiCI,

© € ) € ^  € €)

* * *
★  ★  ★  

★

2 K O

Avidin

€) Biocytin/Biotin

E 3.3 Diaminobenzidine

o Horse Radish Peroxidase

★ Pigment

Figure 2.6 Biocytin visualisation

91



2.3.6 Osmication

The sections were then post-fixed in Osmium Tetroxide to enhance the contrast for both light 

and electron microscopy. Using a paintbrush, each section was carefully placed between two 

moistened pieces of filter paper to form a sandwich. Nine drops of 1 % osmium tetroxide in 

0. IM PB were then applied in the fume hood for no longer than 30 min. Sections were then 

placed in a glass vial containing 0.1 M PB.

2.3.7 Dehydration

Since the resin used for mounting is not miscible with water, the sections were dehydrated in 

an ascending ethanol series.

Each section was placed flat onto a glass slide, coverslipped and transferred to a petri dish 

where a solution of 50% absolute alcohol was applied. After 15 min, the slide was removed 

fi*om the solution and the sections were briefly removed fi'om the slide. The sections were then 

placed back on the slide and placed in a solution of 70% alcohol for 15 min. The same 

process was repeated with 95% and finally 100% alcohol solution. At the end, the sections 

were transferred to a glass vial containing a solution of 100% alcohol on a shaker.

2.3.8 Propylene oxide- resin impregnation

The alcohol solution was then replaced by a solution of propylene oxide (QHgO, BDH,
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Poole, UK) in which sections were washed three times each for 5 min. Following the last 

wash, half of propylene oxide was kept in the vial and Durcupan epoxy resin (Fluka, Steinhein, 

Switzerland) was added (1:1 ratio). The sections were then kept under agitation for 30 min.

2.3.9 resin impregnation

The sections were impregnated in resin prior to mounting. Each section was carefully placed 

in an aluminium planchette containing Durcupan epoxy resin and incubated ovemight.

2.2.10 Mounting

The planchette was placed over a hot plate for approximately 10 min to allow the resin to 

liquify. Sections were then mounted on a clean slide. The orientation of each section was kept 

consistent using a stereoscopic dissecting microscope. The slide was then coverslipped and 

placed in the oven for 48 h at 56°C for curing. Following this procedure, the slide can be 

stored indefinitely and each cell can be reconstmcted.

2.3.11 Reconstruction using a drawing tube.

Neurones that had been recorded, filled with Biocytin and processed using the standard HRP 

protocol were reconstmcted using a drawing tube mounted on a Leica DMR microscope. A 

map of each cell or recorded region was first drawn with a x20 or x40 objective in order to

93



match up the 6 or 7 sections obtained from the cutting. The fine detailed anatomy of each cell 

was then drawn using a xlOO oil-immersion objective.

2.4 IMMUNOFLUORESCENCE

For recorded intemeurones, the immunofluorescence protocol was combined with the HRP 

protocol to determine the calcium-binding protein or peptide content of these intemeurones.

The 450-500 |im  slice was fixed ovemight in a low glutaraldehyde concentration fixative 

solution. The slice was then gelatin-embedded (as previously described in section 2.3.2) and 

60 |wlm sections were cut with a Vibratome. Sections were then permeabilised with sucrose, 

freeze-thawed (as described in section 2.3.4) and transferred to a glass vial containing 0. IM 

PB.

The sections were then incubated in 1% Sodium Borohydride (NaBH^) as the hydrogen 

molecules liberated bind to the aldehydes of the tissue reducing the background and non

specific staining (Kosaka et a l, 1987).

The sections were then washed with PBS three times for 5 min and incubated in 10% normal 

goat serum (NGS) for 30 min. This semm was used to block nonspecific antibody binding. 

The sections were then incubated ovemight at 4°C in a mixture of mouse monoclonal and 

rabbit polyclonal antibodies made up in ABC solution. The source and dilutions of the
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antibodies used are described in section 2.6.3. Twelve hours later, sections were incubated 

for 2 h in a mixture of fluorescently labelled secondary antibodies, anti-mouse fluorescein 

isothiocyanate (FITC) and goat anti-rabbit Texas Red (TR), and Avidin-7-Amino-4- 

methylcoumarin-3-acetic acid (Avidin-AMCA) made up in PBS. Sections were then mounted 

onto slides in 1,4- Diazabicyclo[2.2.2] octane (DABCO), which was added to the mounting 

medium to retard photobleaching of fluorescent dyes, and studied by fluorescence 

microscopy. Images of fluorescence labelling were taken at x400 magnification using a digital 

camera attached to a LEICA DMR microscope with a mercury vapour light source and filters 

suitable for the visualisation of AMCA (excitation wavelength 345-355 nm, emission 

wavelength 448-454 nm), FITC (excitation wavelength 470-490 nm, emission wavelength 

515-550 nm) and Texas Red (excitation wavelength 595-604 nm, emission wavelength 606- 

615 nm) (Figure 2.7).

The sections were then carefully removed from the slide and incubated in ABC for at least 2 

hours to amplify the HRP reaction product. This procedure was undertaken as the free 

radicals emitted during UV stimulation of the fluorescent probes were suspected to cause 

bleaching of labelled neurones. Once this point of the protocol is reached, the sections can be 

processed as previously described (sections 2.3.5 to 2.3.10) to visualise the biocytin, to reveal 

the morphology of the recorded cells and finally to allow their reconstruction.
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Figure 2.7 Triple immunofluorescence and subsequent visualisation of the biocytin
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2.5 CHARACTERISATION OF THE CA2 REGION

The C A2 region of the hippocampus has been largely ignored or has been amalgamated with 

the CA3 region. A definition of the borders of this region was therefore essential. It is generally 

accepted that the C A2 region starts when the mossy fibres terminate (the limit of CA3), and 

ends when the pyramidal cell bodies become smaller (as CAl starts). In this study, two 

techniques were used to gain an accurate definition of the CA2 region: Timm staining and 

detection of OC actinin 2 by immunoperoxidase staining.

2.5.1 Timm staining

Timm staining was used to show the localisation of zinc (Zn^ )̂ which is highly concentrated 

in the mossy fibre boutons (Haug, 1967;Howell et a l, 1984;Li et a l, 2001a;Li et a l, 

200lb). Consequently, the distribution of mossy fibre contacts with the pyramidal cells of the 

CA3 region can be permanently labelled and observed using a light microscope. The technique 

used in this study has been modified from Sirvanci et a l (2003) and Lopez-Garcia et a l 

(1996). As the zinc had to be fixed immediately following brain perfusion to avoid washout 

(Suh et a l , 2000), it was impossible for us to combine electrophysiological recordings and 

histological procedures with the Timm staining.

The animals (adult male Wistar, body weight 120-140 g) were perfused with mACSF (See 

section 2.1.2 ). The brain was removed and only the part of the brain containing the entire
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hippocampus (approximately 2500 |lm  slice) was cut in the coronal plane using a Vibraslice. 

This thick slice was then placed for 2 h in 0.37% Sodium-Sulphide to fix the zinc in the mossy 

fibres. Following this first fixation, the block of brain was submerged ovemight in a 4% 

paraformaldehyde-0.IM PB based fixative solution.

The thick slice was then glued onto a Vibratome chuck and 40 |Im coronal sections were cut. 

The sections were mounted on gelatin-coated glass slides and allowed to dry ovemight at 

room temperature.

The Timm revealing method consisted of submerging the tissue in a developer solution 

containing 300 g/1 of final solution gum arabic, 120 mM sodium citrate buffer, 17 g/1 of final 

solution Hydroquinone and 850 mg/1 of final solution silver nitrate (HgNO^) for approximately 

45 min in the dark.

The sections were then rinsed in running tap water for 30 min and placed in a 5 % sodium- 

thiosulfate solution for 12 min to stop the reaction, decrease the background and fix the 

staining.

The sections were then dehydrated in graded alcohols, 50,70,95 and 100% each for 15 min, 

cleared with Xylene and coverslipped with DPX. Pictures were then taken using a digital 

camera attached to a Leica DMR microscope.

2.5.2 Immunoperoxidase labelling for a  actinin 2

The staining of a protein called CC actinin 2 was also used to define the borders of the CA2 

region. CC actinin 2 binds to the actin cytoskeleton and NMD A receptor subunits NRl and
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NR2B (Wyszynski et al., 1997). The disruption of this binding affects NMDA receptor 

function (Rosenmund & Westbrook, 1993). Although this protein is expressed in pyramidal 

cell dendrites and in some intemeurones of all hippocampal regions, the strongest staining is 

present in the C A2 region and the molecular layer of the dentate gyrus (Wyszynski et al., 

1998; Ratzliff & Soltesz, 2001 ). The staining of the a  actinin 2 protein is therefore a good 

marker for the CA2 region. Mouse anti-OC-actinin (clone EA-53, Sigma) has been described 

previously as being specific for CC actinin 2 in the brain and was therefore used in this study 

(Wyszynski et a l, 1998).

An adult male Wistar rat (body weight 135 g) was perfused with mACSF (See section 2.1.2). 

The brain was removed and only the part of the brain containing the entire hippocampus 

(approximately 2500 |Im slice) was cut using a Vibraslice and fixed ovemight in a low 

glutaraldehyde concentration fixative solution. 50 |im  sections were cut with a Vibratome as 

previously described in section 2.3.3. The sections were then permeabilised with sucrose and 

ffeeze-thawed (as above). Endogenous peroxidase activity in the tissue was then blocked 

using 1% H2O2 for 30 min. The sections were then incubated in 10% normal goat serum for 

30 min and incubated ovemight in the primary antibody solution (Mouse anti-OC-actinin, 

1:5000) made up with PBS.

Sections were then incubated with a labelled polymer (Mouse DAKO EnVision Plus HRP 

Kit; DakoCytomation, UK) for 3 h. This labelled polymer enables molecules of HRP to bind 

to an anti-mouse secondary antibody. This system is Biotin-ffee resulting in minimal
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background staining. A standard visualisation of the staining similar to the HRP protocol 

described above was made using DAB as a substrate.

The sections were then dehydrated in an ascending alcohol series, embedded in resin, 

mounted on slides and cured for 48 h at 56°C. Throughout this study, drawings of CA2 

intemeurones were superimposed on digital images of the a  actinin 2 staining.

2.6 SOLUTIONS USED

2.6.1 Electrophysiological recordings

Ice-cold modified artificial cerebrospinal fiuid ( mACSF) used fo r  the perfusion:

Sucrose 248 mM

NaHCO 3 25.5 mM

KCl 3.3 mM

KH2PO4 1.2 mM

MgS04 1 mM

CaClz 2.5 mM

D-Glucose 15 mM

equilibrated with 95% O2 and 5% CO
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Artificial cerebrospinal fluid (ACSF):

NaCl 124 mM

NaHCO 3 25.5 mM

KCl 3.3 mM

KH2PO4 1.2 mM

MgS04 1 mM

CaClz 2.5 mM

D-Glucose 15 mM

equilibrated with 95% O2 and 5% CO

Electrode-filling solution:

2% Biocytin (w/v) (Sigma) in 2M Potassium Methylsulfate

2.6.2 Buffered glutaraldehyde and paraformaldehyde fixative

Histochemical protocol

4% paraformaldehyde, 0.2% saturated picric acid solution, 2.5% glutaraldehyde solution in 

0.1 M Phosphate buffer.

Immunohistochemical protocol

4% paraformaldehyde, 0.2% saturated picric acid solution, 0.025% glutaraldehyde solution 

in 0.1 M Phosphate buffer.
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2.6.3 Immunofluorescence

Primary antibodies used

Source M-g/ml

Mouse anti-Parvalbumin Sigma 22.3

Mouse anti-gastrin/CCK MAb#9303 Cure, UCLA 2.4

Rabbit anti-calbindin (R9501) Professor K. Baimbridge 15.6

Rabbit anti-Parvalbumin (R 301) Professor K. Baimbridge 18.4

Rabbit anti-VIP DiaSorin 8

Secondary antibodies used

Marker Source [ig/ml

Goat anti-mouse IgG (Fab specific) FITC Sigma 14.3

Goat anti-rabbit IgG (H + L specific) Texas Red Molecular Probes 3.3

Goat anti-rabbit IgG (H + L specific) Avidin-AMCA Vector 20.8

Specificity o f immunoreactions

In this study, the calcium binding protein or peptide content of each intemeurone was tested, 

when possible, with different monoclonal and polyclonal primary antibodies raised against 

different antigenic targets (See section 2.6.3). To ensure the specificity of the labelling, both
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method specificity and antibody specificity need to be tested.

Specificity characterisation is usually done to check that a suitably diluted scrum will not cross- 

rcact with similar but distinct antigens. The primary antibody solution can be replaced with 

nonimmune serum confirming the specificity of the secondary antibodies. This type of 

specificity is called method specificity. In addition, the specificity of the method can be 

ascertained by pre-absorbing the primary antibodies with excess of antigen prior to the 

labelling. This method involves taking two sections containing the antigen and two antisera 

mixtures made up at the ideal dilution. Pure antigen is added to one of the mixtures and should 

then occupy the antibody binding site. The untreated antiserum should label the antigen 

whereas the pre-treated antiserum should not. These methods, however, do not determine the 

specificity of the antibodies. To ascertain the antibody specificity, western blots using tissues 

that are known not to eontain the antigen can be compared with those using tissues that do 

contain the antigen. The specificity of primary antibodies used in this study has been described 

in previous studies (Mouse anti-PV : Tinner et al., 1990; rabbit anti-Calbindin and anti-PV : 

Baimbridge and Miller, 1982, rabbit anti-VIP: McDonald, 1985). The specificity of the mouse 

anti-gastrin/CCK antibody was tested by CURE (Digestive disease Research center), UCLA.
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3.0 MORPHOLOGICAL CHARACTERISATION OF THE C A REGIONS OF 

THE RAT HIPPOCAMPUS: DEFINING THE CA2 REGION.

A major controversy surrounding the characterisation of the CA regions of the hippocampus 

has been the existence of the CA2 region. The characterisation of intemeurones of the CA2 

region represents the main feature of this study so a definition of its borders was necessary to 

compare the morphology of the different intemeurones between regions. Two techniques were 

used to define the borders of the CA2 region: Timm staining and immunoperoxidase labelling 

of the CC actinin 2 protein (See methodology section 2.5).

Ishizuka et al described CA2 pyramidal cells following injection of HRP in rat hippocampal 

slices in vitro (Ishizuka et a l , 1995b). As these cells did not present thorny excrescences, 

they were presumed not to receive mossy fibre inputs from the granule cells of the dentate 

gyms, implying that the border between the CA2 and C A3 regions is located at the point 

where the mossy fibres ceased to be present. It is well demonstrated that the mossy fibres 

contain Zn^  ̂at high concentration (Frederickson et a l , 2000;Haug, 1967), so the labelling 

of this divalent cation by a Timm staining method could be a good marker for defining the 

border between the two regions. Examples of the Timm staining are shown in figure 3.1 and

3.3 A. Zn^  ̂labelling was strong in SL of the CA3 region. Figure 3.1A also shows the “hump” 

characteristic of the CA2 region. SP of the CA2 region appears to bulge into SR. As the CA2 

region is relatively small compared to the CA3 and CAl regions and contains a mixed 

population of CA3-like and CAl -like pyramidal cells (Ishizuka et a l , 1995), it is generally
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Figure 3.1 Definition of the borders of the CAl, CA2 and CA3 regions using 
Timm staining. In A, concentrated in the mossy fibres was labelled in a 
50 |im hippocampal section. Strong staining is present in stratum lucidum (SL) of 
the CA3 region. The arrows indicate the displacement of CA2 pyramidal cells into 
SR, thought to indicate the borders of the CA2 region. In B, enlargement of the 
border between the CA3 and CA2 regions where the mossy fibres taper.
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accepted that the CA2 region ends when the smaller pyramidal cell bodies characteristic of 

the CAl region predominate. Figures 3.3 A and 3.3B also illustrate that the mossy fibres taper 

towards the CA2 region.

The definitive start and end of the CA2 region therefore remain an approximation with this 

method and a more accurate technique was needed to define its borders. As mentioned in 

section 2.5, CC actinin 2 which binds to the actin cytoskeleton and to NMDA receptor subunits 

NRl and NR2B appears to make it a good marker for the CA2 region (Wyszynski et al., 

1998). Examples of immunoperoxidase staining are shown in figures 3.2 and 3.3B. Strong 

staining was observed in all laminae of the CA2 region, especially in the pyramidal cell layer 

SR and SLM. Some CA2 intemeurones in SO were also stained. The molecular layer of the 

dentate gyrus was also strongly stained (figure 3.3B). Some pyramidal cells in the CAl and 

CA3 regions were immunopositive for the CC actinin 2 but to a lesser extent than the CA2 

region. The staining of this protein is therefore suggested to define the borders of the CA2 

region well. As defined by this staining profile. Stratum Pyramidale of the CA2 region was 

found to be 400 to 475 |im  in width throughout the adult rat hippocampus. Figure 3.3 C 

illustrates images of the two techniques superimposed revealing that the CA3 region (defined 

by mossy fibre terminals) tapers into the CA2 region (defined by CC actinin 2 

immunoperoxidase staining).
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Figure 3.2 Immunoperoxidase staining of the cc actininZ protein showing the 
borders of the CA2 region. Strong staining was present in pyramidal ceils 
and some SO intemeurones (arrow) of the CA2 region. Some pyramidal 
cells of the CAl and CA3 regions were also stained but to a lesser extent.
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Figure 3.3 Characterisation of the CA2 region using Timm staining (A) 
and immunoperoxidase technique labelling the a actinin 2 (B).
50 pm sections were cut from a approximately 2500 pm tissue block 
containing the hippocampus. Superimposition of the two staining is shown 
in C demonstrating that the mossy fibres taper into the CA2 region.
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To summarise, the borders of the CA2 region have been defined by the CC actinin 2 staining. 

The superimposition of this immuno-staining with the Timm stain reveals that mossy fibres 

taper into the CA2 region despite the lack of thorny excrescences in the CA2 pyramidal cells 

confirming the study by Gaarskjaer (1986). Drawings of intemeurones recorded and filled in 

the CA2 region will be superimposed on images of the CC actinin 2 staining throughout this 

study.
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4.0 EXPERIMENT SUMMARY

One hundred and sixteen experiments were performed in vitro on adult rat hippocampal 

slices. 6170 pairs of neurones were recorded in the three CA regions and tested in both 

directions. A total of 124 pairs of neurones were synaptically coupled giving a general 

probability of finding a connection of 1:49 i.e. one connection was found every 49 tests. 

During the recordings, intemeurones were identified on the basis of their electrophysiological 

characteristics: fast action potentials, fast AHPs and higher spontaneous synaptic activity than 

pyramidal cells and/or their ability to generate IPSPs in postsynaptic neurones.

4.1 HIT RATES IN THE CAl REGION

In the CAl region, 3166 dual recordings were obtained and tested in both directions. Out of 

these, 2566 pairs of pyramidal cells were tested and 6 were synaptically coupled. The 

probability of finding a connection between pyramidal cells was therefore 1:427.

Six hundred pairs in which one cell was a pyramidal cell and one an intemeurone were tested 

and 53 were synaptically coupled. One connection was therefore found every 11.3 tests. 46 

connections (1:13) were excitatory connections and 9 (1:67) were inhibitory.

Out of these 53 pairs, 40 were sufficiently stable for the synaptic responses to be investigated. 

23 of these intemeurones were classified as basket cells, 6 as bistratified cells. The identity of 

the remaining 7 intemeurones was unconfirmed due to a poor staining.

109



Ninety-eight dual recording were obtained in which a basket cell was recorded simultaneously 

with a pyramidal cell. An EPSP was elicited in 16 basket cells and basket cells elicited IPSPs 

in five pyramidal cells. The probability to find an excitatory connection firom a pyramidal cell 

to a basket cell was 1:6. The probability of finding an inhibitory connection fi"om a basket cell 

to a pyramidal cell was 1:20. In addition, one basket cell was found to elicit an IPSP in 

another basket cell.

Thirty-five dual recordings were obtained in which a bistratified cell was recorded 

simultaneously with a pyramidal cell. An excitatory postsynaptic potential (EPSP) was elicited 

in 5 bistratified cells and one bistratified cell generated IPSPs in two pyramidal cells. The 

probability of finding an excitatory connection fi-om a pyramidal cell to a bistratified cell in the 

CAl region was therefore 1:7. The probability of finding an inhibitory connection from a 

bistratified cell to a pyramidal cell in CAl was 1:17.

Thirty-four dual recordings were obtained in which an OEM cell was recorded simultaneously 

with a pyramidal cell. The OEM cells were identified during the recordings by their location 

in SO and by their distinct electrophysiological firing characteristics i.e. the fast spiking but 

adapting pattern and the presence of a “sag” in response to hyperpolarising current. An 

excitatory postsynaptic potential (EPSP) was elicited in 5 OEM cells. The probability of 

finding a connection was therefore 1: 6.8. The slices containing the recorded pairs were 

processed histologically. Due to insufficient staining of the cells, the reconstruction of these 

pairs was not possible.
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4.2 HIT RATES IN THE CA2 REGION

In the CA2 region, 1392 pairs of neurones were recorded and tested in both direction. Out 

of these, 1096 pairs of pyramidal cells were tested but no connection was found. 296 dual 

recordings were obtained in which a pyramidal cell was recorded simultaneously with an 

intemeurone and 44 pairs were synaptically coupled giving a general probability of finding a 

connection between a pyramidal cell and an intemeurone of 1:7. Out of these 44 pairs, 10 

were found to involve a basket cell, 4 a bistratified cell and 1 an OLM cell.

Fifty-five dual recordings were performed in which a CA2 basket cell was recorded 

simultaneously with a pyramidal cell. An EPSP was elicited in 10 basket cells. The probability 

of finding an excitatory connection fi*om a pyramidal cell to a basket cell was therefore 1:5.5. 

Five inhibitory connections were found giving a probability of finding a connection fi*om a CA2 

basket cell to a CA2 pyramidal cell of 1:11. In addition, a basket cell elicited an IPSP in an 

OLM cell of the CA2 region.

Nineteen dual recordings were performed in which a bistratified cell was recorded 

simultaneously with a pyramidal cell. An EPSP was elicited in 3 bistratified cells. The 

probability of finding an excitatory connection fi-om a pyramidal cell to a bistratified cell was 

therefore 1:6. Two bistratified cells elicited IPSPs in pyramidal cells. The probability of finding 

an inhibitory connection was therefore 1:9.5.
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4.3 HIT RATES IN THE CA3 REGION

1330 dual recordings in which two CA3 pyramidal cells were recorded simultaneously were 

performed. However, no excitatory connection was recorded.

282 dual recordings were obtained in which a pyramidal cell was recorded simultaneously with 

an intemeurone. 13 excitatory connections ( 1:22) and one inhibitory connection (1:282) were 

found. Only two intemeurones that received EPSPs from neighbouring pyramidal cells were 

recovered from the histology. Due to poor staining of the axons of both of these cells, their 

detailed classification was not possible.
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5.0 ANATOMICAL ANALYSIS OF INTERNEURONES OF THE ADULT RAT 

HIPPOCAMPUS.

Intracellular recordings were performed in the CA l, CA2 and CA3 regions of the adult rat 

hippocampus. Synaptically coupled pairs were filled during the recordings and processed 

histologically revealing their fine anatomy. Although increasing evidence suggests that the CA2 

region may play an important role in the hippocampal circuitry, the identity of intemeurones 

of this region remained to be studied. Therefore, the first question to be addressed was 

whether the dendritic and axonal arbouiisations of intemeurones of the CA2 region was similar 

to those of the CA 1 and C A3 regions. The repeat of previous observations conceming the 

dendritic and axonal patterns of certain types of intemeurones of the CAl region was 

therefore necessary if we were to compare their features in different regions using the same 

experimental protocols. Morphological characterisation of intemeurones of the three CA 

regions are summarised in table 5.1.

5.1 DENDRITIC AND AXONAL PATTERNS OF INTERNEURONES OF THE CAl REGION

5.1.1 Basket cells of the CAl region

All CAl basket cells recorded in SP and filled in this study displayed similar dendritic and 

axonal pattems and resembled those reported in several previous studies (Ali et a l , 1998; Ali 

et a l, 1999;Freund & Buzsaki, 1996;Pawelzik et a l, 1999;Sik et a l, 1995). The
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Class of 

intemeurone

Pair ID Dendritic width 

( îm)

Dendritic height 

(p,m)

Axonal width

(itm)

CAl Basket cells 031031 150 509 522

030325 382 588 382

021015b 356 781 675

021120 287 656 606

021120 206 668 706

020321 328 600 952

030902b 280 560 695

040519am2 327 611 711

M eaniSD  289 ±77.8 621.6 ±81.8 656 ±164.9

Bistratified cells 020716 372 650 816

040323 254 613 381

020806 276 404 657

Mean ± SD 300.6 ± 62.7 555 ± 132 618 ±220

CA2 Basket cells 
(with broad axonal 
and dendritic 
arbours)

021001 535 635 764

020709 806 645 987

021107 440 550 700

030430 563 284 -

040318 327 805 850

040217 450 695 886

Mean ± SD 520.1 ± 162.7 602.3 ± 176.9 837.4 ±110.8

Basket cells (with 
narrow axonal and 
dendritic arbours)

040422 289 631 510

040720 - - 509

040304 304 557 628

Mean ± SD - - 549 ± 68.4

Bistratifîed cell 
(with narrow 
dendritic arbour)

040210 241 457 714

Bistratifîed cells 
(with wide 
dendritic arbours)

040218 664 556 783

040421 485 428 542

CA3 unconfirmed 020910 676 538 -

unconfirmed 040203 505 210 -

Table 5.1 Morphological characterisation of intemeurones of the CAl, CA2 and CA3 regions. All
intemeurones were classified morphologically on the basis of their dendritic and axonal arbourisations. 
Although a large number of intemeurones were recorded in this study, the poor staining of some axons did 
not allow their detailed classification and these intemeurones were discarded from the study.
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reconstructions of two typical CAl basket cells are illustrated in figures 5.1 and 5.2. CAl 

basket cells had relatively narrow dendritic arbours that extended through SO, in some cases 

entering the alveus, and through SR and into SLM. All dendrites were aspiny and were often 

beaded. CAl basket cell axons whose major branches were often myelinated ramified 

extensively in SP and in some cases in the most proximal regions of SR and SO (previously 

described as “wide arbour basket cells” (Ali et a l, 1998; Buhl et a l, 1996; Freund & 

Buzsaki, 1996; Pawelzik et a l , 1999; Pawelzik et a l , 2002)). The calcium-binding protein 

content of all CAl basket cells (n=23) was tested by immunofluorescence. Out of 22 basket 

cells tested for PV and CB, 16 were PV-immunopositive and CB-immunonegative, 1 was PV 

and CB immunonegative and the results for 5 of these basket cells were ambiguous. One 

basket cell was tested for CCK and PV. The intemeurone was PV-immunonegative and the 

results for CCK were inconclusive due to a poor penetration. Examples of two PV- 

immunopositive and CB-immunonegative basket cells are shown in figures 5.1 and 5.2.

5.1.2 Bistratified cells of the CAl region

All CAl bistratified cells recorded in SP and filled in this study displayed similar dendritic and 

axonal pattems and resembled those reported previously (Ali et a l , 1998; Buhl et a l , 1996; 

Freund & Buzsaki, 1996; Pawelzik et a l , 1999; Pawelzik et a l , 2002). Like those of CAl 

basket cells, the dendrites of bistratified cells were typically aspiny and often beaded and 

extended through SO and SR (figures 5.3 and 5.4). However, unlike the dendrites of basket 

cells, bistratified cell dendrites did not extend into SLM. The calcium-binding protein and
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SLM
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Figure 5.1 Morphological characteristics of a basket cell recorded and 
filled in the CAl region. In A, reconstruction of the basket cell at high 
magnification using a drawing tube. Dendrites are represented in black 
and the axon is in grey. In B, the calcium-binding protein content of the 
basket cell was tested by immunofluorescence. The basket cell was PV- 
immunopositive and CB-immunonegative. In C, light microscopy image of 
a portion (red square in A) of a distal basal dendrite that was beaded and aspiny.
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Figure 5.2 Morphological characteristics of a basket cell recorded and filled in the 
CAl region. In A, reconstruction of the basket eell using a drawing tube (xlOOO). 
The dendrites are in black and the axon in grey. In B, the calcium binding protein 
content of the intemeurone was tested by immunofluorescence. The basket cell was 
PV-immunopositive and CB-immunonegative. In C, light microscopy image of a 
portion (red square in A) of a distal basal dendrite that was aspiny and beaded.
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Figure 5.3 Dendritic and axonal pattern of a bistratified cell recorded and filled
in the CAl region. In A, the cell was reconstructed using a drawing tube (xlOOO). 
The dendritic arbour (in black) extended radially through SO and SR. The axon (in 
grey) arbourised mainly in SO and SR of the CAl region. In B, light microscopy 
image of a portion (red square in A) of a dendrite that was aspiny and beaded.
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Figure 5.4 Dendritic and axonal pattern of a bistratified cell recorded in the 
CAl region. In A, the bistratified cell was reconstructed from three sections using 
a drawing tube (xlOOO). Its dendrites (in black) extended to all layers with the 
exception of SLM. The axon (in grey) arbourised in SO and SR. In B, the calcium 
binding protein content of the bistratified cell was tested by immunofluorescence. 
This bistratifîed cell was PV-immunopositive and CB-immunonegative. In C, light 
microscopy image of an aspiny distal dendrite of the bistratifîed cell.
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peptide content has been tested by immunofluorescence. Five CAl bistratified cells bave been 

tested for Parvalbumin (PV) and calbindin (CB) and one for CCK and somatostatin (SOM). 

Four bistratified cells were PV-immunopositive and CB-immunonegative. Results for the 

remaining pair were ambiguous. The one bistratified cell tested was CCK- and SOM- 

immunonegative.

5.2 DENDRITIC AND AXONAL PATTERNS OF INTERNEURONES OF THE CA2 REGION

5.2.1 Basket cells of the CA2 region

Like CAl basket cells, the basket cells recorded in SP of the CA2 region bad dendrites that 

extended through SO, sometimes entering the alveus, and through SR and into SLM. Again, 

their major axonal branches were often myelinated and their axonal arbours ramified 

extensively in SP, in some cases ramifying also in proximal SO and SR.

Two CA2 basket cells resembled CA 1 basket cells further in that their dendritic arbours were 

narrow and confined to the region of origin and their axons were also confined to CA2. One 

example is illustrated in figure 5.5. The calcium binding protein content of these cells was 

tested with immunofluorescence. Both CA2 basket cells were PV-immunopositive and CB- 

immunonegative. The axon of a third CA2 basket cell which was confined to CA2 was 

recovered, but the dendrites of this cell were not recovered.
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Figure 5.5 Dendritic and axonal pattern of a basket cell recorded and filled
in the CA2 region. In A, reconstruction of the CA2 basket cell. Both the dendrites 
(in black) and the axon (in grey) were confined to the CA2 region. In B, image of a 
portion (red square in A) of a distal dendrites that were beaded and aspiny. In C, 
the superimposition of the drawing of the basket cell on an image of the 
a actinin 2 staining confirmed that the intemeurone was located in CA2.
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The majority of basket cells in CA2 were, however, unlike those in CAl in several respects 

(figures 5.6 and 5.7). Their dendrites in SO extended horizontally into all three subfields and 

the distal portions of these horizontal dendrites were sparsely spiny. Their axons extended into 

all subfields and could therefore be described as providing “feed-back” inhibition to CA3 and 

“feed-forward” inhibition to CA l. The calcium binding protein content of these CA2 basket 

cells was tested by immunofluorescence. All basket cells were CB-immunonegative. Four 

were PV-immunopositive and one PV-immunonegative. The results for the remaining two 

basket cells were ambiguous.

5.2.2 Bistratified cells of the CA2 region

CA2 bistratified cells also had distinctive features. Figures 5.8,5.9 and 5.10 illustrates three 

CA2 bistratified cells. Although their dendrites, like those of the CAl bistratified cells, 

extended through SO and SR without entering SLM, for two of these cells, they extended 

much further horizontally, often into all three subfields. The horizontally oriented dendrites of 

these cells were sparsely spiny. Their axons were, however, highly selective in the subfields 

innervated. They ramified only in SO and SR of the CA2 and C A l, few if any branches 

extending into CA3. Two CA2 bistratified cells were PV-immunopositive and CB- 

immunonegative and one was CCK- and VIP- immonegative.
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Figure 5.6 Morphological characteristics of a basket cell recorded in the CA2 region. In A, the basket cell was reconstructed 
using a drawing tube (xlOOO). The basket cell dendrites are represented in black and its axon in grey. The dendritic tree of this basket 
cell extended radially through all layers of the CA2 region and horizontally in SO and SP of the CA2 and CA3 regions. One horizontal 
dendrite also reached the CAl region. In B, spines (arrows) were present in the distal part of the horizontally oriented dendrites. In C, the 
calcium binding protein content of this basket cell (I) has been tested by immunofluorescence and the basket cell was PV-immunopositive 
and CB-immunonegative. In D, superimposition of the drawing of the basket cell on an image of the a actinin 2 staining.
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Figure 5.7 Morphological characteristics of a basket cell recorded and filled
in the CA2 region. In A, reconstruction of the basket cell (dendrites in black and 
axon in grey) using a drawing tube (xlOOO). Radial dendrites extended from SO 
to SLM of the CA2 region. Horizontal dendrites emerged from the soma and 
branched proximally. These secondary branches extended through SP radiating 
into SO and SR of the CA3 and CAl regions. The axon was confined to SP of 
the CAl, CA2 and CA3 regions. In B, spines (black arrows) were present in the 
distal part (red square in A) horizontal dendrites. In C, the calcium binding 
protein content of the basket cell was tested by immunofluorescence. The 
basket cell was PV-immunopositive and CB-immunonegative. In D, 
superimposition of the a  actinin 2 staining on drawing of the basket cell.

124



CA1

CA2
Alveus

CA3

so

040210am1

SLM

B

Biocytin Parvalbumin Ca bmdin

Figure 5.8 Morphological characterisation of a bistratified cell recorded and filled
in the CA2 region. In A, reconstruction of the bistratified cell using a drawing tube. 
This cell presented a narrow dendritic arbour (in black) that extended 
from SO to SR without entering SLM. The axon (in grey) was strongly 
polarised and arborised mainly in SO and SR of CA2 and CAl but did not 
enter CA3. In B, the dendrites were beaded and aspiny. In C, the bistratified cell 
was PV-immunopositive and CB-immunonegative. In D, superimposition of the 
drawing of the bistratified cell on an image of the a actinin 2 staining.
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Figure 5.9 Morphological characteristics of a bistratified cell recorded and filled
in the CA2 region. In A, the bistratified cell (dendrites in black and axon in grey) was 
reconstructed using a drawing tube (xlOOO). This intemeurone presented a broad dendritic 
arbour that extended to the CAl and CA3 regions. The axonal arbour of this bistratified cell 
was strongly polarised arbourising mainly in SO and SR of the CA2 and CAl regions. In B, 
the bistratified cell was CCK- and VlP-immunonegative. In C, image of a portion (red 
square in A) of a distal dendrite that presented spines (arrows). In D, superimposition 
of the drawing of the bistratified cell on an image of the a actinin 2 staining.
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Figure 5.10 Dendritic and axonal pattern of a bistratified cell recorded and filled
in the CA2 region. The cell was reconstructed using a drawing tube (xlOOO). The 
dendrites (in black) extended radially and horizontally through SO, SP and SR of 
the CAl, CA2 and CA3 region. In B, close up of a portion (red square in A) 
of a distal dendrite that presented spines. The axon of the bistratified cell (in grey) 
arborised mainly in SO and SR with few branches in SP but also projected 
branches to SR of CAl. In C, superimposition of the drawing of the bistratified 
cell on an image o f the cc actinin 2 im m unoperoxidase staining.
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5.2.3 OLM cell of the CA2 region

One cell, recorded and filled in the C A2 region, presented characteristics similar to OLM cells 

of the CAl and CA3 regions. The dendritic and axonal pattern of the CA2 OLM-like cell is 

illustrated in figure 5.11 .The soma of this cell was located in SP. Dendrites emerged firom the 

soma, branched in SP and extended through SO. Third order branches that extended 

horizontally in SO presented large spines that resembled the thorny excrescences of C A3 

pyramidal cells and of OLM cells of the CAl and CA3 regions. In contrast to CA3 OLM 

cells, one primary dendrite branched in SP but did not extend through SR. The axon of this 

CA2 “OLM” cell emitted myelinated and unmyelinated collaterals that extended through SR 

and SLM of the C A2 region where they arbourised densely. This OLM-like cell was weakly 

PV-immunopositive and CB-immunonegative.

5.3 DENDRITIC ARBOURISATION OF INTERNEURONES OF THE CA3 REGION

Two intemeurones were recorded and filled in the CA3 region. The dendritic arbours of these 

cells were filled and reconstructed using a drawing tube. However, the poor staining of their 

axonal arbours did not allow their classification. Although the morphological comparison 

between these CA3 intemeurones and intemeurones of the CAl and CA2 regions was not 

possible, their firing pattem and synaptic responses will be discussed in section 6.0,7.0 and

8.0 and compared with those of the CAl and CA2 regions. A brief description of their 

dendritic arbourisation is therefore given below and illustrated in figure 5.12.
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Figure 5.11 Morphological characteristics of an OLM-like cell recorded and filled
in the CA2 region. In A, reconstruction of the OLM using a drawing tube (XlOOO). 
The soma of this cell was located in SP. The dendrites (in black) extended to SO 
where they branched forming a tuft at the border Alveus/SO. These dendritic branches 
presented thorny excrescence-like spines. The axon (in grey) arbourised predominantly 
in SLM of the CA2 region. In B, the OLM cell was weakly PV-immunopositive and 
CB-immunonegative. In C, superimpostion of the drawing of the OLM cell on 
an i m a g e  o f  t he  oc a c t i n i n g  i m m u n o p e r o x i d a s e  s t a i n i n g .

129



SLM

020910

SR

SP

SO

100 Mm

B SR

SP

SO

040203

100 |jm

Figure 5.12 Dendritic arbours of two intemeurones recorded and filled in the CA3 
region. The dendrites of both cells were reconstructed using a drawing tube (xlOOO).
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The intemeurone shown in figure 5.12 A presented a soma located in SO fi*om which primary 

dendrites emerged and branched proximally. The secondary dendrites extended radially 

through SR and horizontally through SO. The horizontally oriented dendrites presented spines. 

In contrast, the dendrites of the intemeurone shown in figure 5.12B were horizontally oriented 

and confined to SO. Large spines were present on the distal part of the dendritic tree.

5.4 SUMMARY

Comparison of the morphological features of SP intemeurones in the three CA regions 

suggests that the CA2 region contains intemeurones with distinct characteristics. Two types 

of CA2 basket cells were filled in this study. The first displayed very broad, sparsely spiny 

dendritic arbours and axons that ramified across the three CA regions of the hippocampus. 

The second type displayed dendritic and axonal pattems similar to those of the CA 1 region. 

The most striking feature of the bistratified cells of the CA2 region was the strong polarisation 

of their axons. These arbourised in SO and SR of the CAl and CA2 regions but did not enter 

the CA3 region. Again, two types of bistratified cells could be distinguished on the basis of 

their dendritic arbourisation. One type presented a narrow dendritic arbour confined to the 

CA2 region, the other had broad dendritic arbours that extended into the CAl and CA3 

regions.

Intemeurones of the CA2 region may therefore be subdivided into two broad subclasses: cells 

that present a broad dendritic arbour and cells with a narrow dendritic arbour. In the CA 1
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region, all basket and bistratified cells filled had a relatively narrow dendritic arbour with few 

horizontally oriented branches while OLM cells display broad sparsely spiny horizontal 

dendritic trees. As discussed in the introduction, the CAl OLM cells have other distinguishing 

properties: a high level of spontaneous synaptic activity, a “sag” in their voltage response to 

hyperpolarising current injection and they receive facilitating EPSPs from neighbouring 

pyramidal cells. These features contrast with the low levels of spontaneous synaptic activity, 

absence of “sag” and the depressing EPSPs received by CAl basket and bistratified cells. 

The morphological characterisation of CA2 intemeurones raises certain questions. Do CA2 

intemeurones have similar firing pattems to those of the other CA regions? Do they have 

similar synaptic responses? Do they receive high level of spontaneous activity? These 

questions are addressed in the next three chapters.
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6.0 POSSIBLE CORRELATION BETWEEN DENDRITIC AND AXONAL 

PATTERNS AND FIRING PATTERNS OF INTERNEURONES OF THE THREE 

CA REGIONS OF THE ADULT RAT HIPPOCAMPUS.

The firing pattem of intemeurones in the CAl and C A2 regions were assessed from voltage 

responses to injected current pulses. These are summarised in table 6.1 and examples are 

illustrated in figures 6.1, 6.2 and 6.3.

CAl basket cells (figure 6.1 A) and bistratified cells (figure 6.2A) typically displayed fast 

spiking behaviour with little spike frequency adaptation and no “sag” in their voltage response 

to hyperpolarising current. Basket and bistratified cells in CA2 that had narrow dendritic 

arbours were similar (figure 6. IB and 6.2B). In striking contrast, however, the CA2 basket 

cells (figure 6.1C) and bistratified cells (figure 6.2C) that had broad, horizontally oriented 

dendrites displayed significant spike frequency adaptation and pronounced sag in voltage 

responses to hyperpolarising current injection. Their electrophysiological measures, therefore, 

resembled those of CA 1 and CA2 OLM cells (figure 6.3 A and 6.3B), rather than those of 

CAl basket and bistratified cells. One CA3 intemeurone that had horizontally oriented 

dendrites in SO also had similar electrophysiological characteristics (figure 6.3C), however, 

this intemeurone displayed a stuttering firing pattem that showed frequency adaptation.
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C ell class R esting M P  
(m V)

Input resistance
(MQ)
w ith a 

- 0.2 nA pulse

M em brane tim e 
constant 

(ms) 
w ith a - 0,2 nA  

pulse

Rectification

(R esistance with  
a - 0,1 nA pulse 

c f  resistance  
w ith a 

- 0,4 nA pulse)

R ebound
(m V)

Frequency  
adaptation  

(duration o f  10"" 
interval divided by  

1*‘ interspike  
interval)

Sag
(m V)

Firing
pattern

CAl OLM  
(n=I)

-61 130 11.6 159/50 9.2 2.25 18.46 FS adapting

CA2 OLM  
rn=ll

-76 100 11.76 - 15 3 16 FS adapting

CAl Basket cells 
(n=7)

-71 ±2.1 51.3 ± 14.4 17.7 ±4.2 53.1 ±7.5/ 

46.8 ± 12.5
0 1.29 ±0.005 0 classical FS

CA2 Basket cells with 
wide arbour(n=7)

- 72.6 ± 3 111 ± 17.3 25.3 ±2.8 149.3 ±28.8/ 
91.6± 18.1

16.8 ±0.28 5.03 ±2.21 18.7 ±4.8 FS adapting

CA2 Basket cells with 
narrow arbour (n=3)

-72.3 ±5.8 90.5 ± 13.4 13.8 ±0.7 99 ±33.9/ 

89 ± 19.8
0 1.27 0 classical FS

CAl bistratified cells 
(n=3)

-73 ±3 54± 11.8 16.7 ± 1.7 66 ± 13.2/ 
45 ± 9.4

0 1.31 ±0.1 0 classical FS

CA2 bistratified cell 
with narrow arbour 

(n=l)

-74 114 20 114.5/85.5 0 1.2 0 classical FS

CA2 bistratified cells 
with wide arbour (n=2)

-73;-76 60; 100 41;30 120/75; 142/60.7 11.4;8.6 2.7;3 20; 11 FS adapting

CA3 intemeurone -72 100 26 130/65 10 2 16 FS-stuttering

Table 6.1 Electrophysiological characteristics of interneurones of the three CA regions.



A CA1 BASKET CELL
040519

+ 0.4 nA mm/m
- 70 mV

20 mV

- 0.4 nA

50 m s

B CA2 BASKET CELL
NARROW DENDRITIC ARBOUR

040720

+ 0.3 nA 

-70 mV 2 ^

- 0.4 nA 20 mV

50 m s

CA2 BASKET CELL
WIDE DENDRITIC ARBOUR

021001

+ 0.4 nA

-72m V

L20 mV- 0.4 nA

50 m s

Figure 6.1 F iring pa tte rns of basket cells recorded in the CA l 
and CA2 regions. In A, voltage responses of a CAl basket cell to hyperpolarising 
and depolarising current injection. In B, example of voltage responses of a CA2 
basket cell that had narrow dendritic arbour. In C, voltage responses of a CA2 
basket cell that had broad and horizontally oriented dendrites. In contrast to CAl 
basket cells and to CA2 basket cells that were confined to CA2, this cell displayed 
fast spiking behaviour that showed significant spike frequency adaptation and a 
pronounced “sag” in its voltage response to hyperpolarising current injection.
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CA1 BISTRATIFIED CELL
040323

+ 0.4 nA

-6 2  mV MP

L10 mV- 0.4 nA

B
50 ms

CA2 BISTRATIFIED CELL
NARROW DENDRITIC ARBOUR

040210

m- 74 mV + 0.4 nA

10 mV
- 0.4 nA

50 ms

CA2 BISTRATIFIED CELL 
WIDE DENDRITIC ARBOUR

+ 0.4 nA

-7 3  mV

10 mV|___
50 ms

- 0.4 nA

040421

+ 0.1 nA I

II

5 mV
20 ms

Figure 6.2 Firing patterns of bistratified cells recorded in the CAl 
and CA2 regions. In A, voltage responses of a CAl bistratified cell to hyperpolarising 
and depolarising current injection. In B, example of voltage responses of a CA2 
bistratified cell that had a narrow dendritic arbour. In Cl, voltage responses of a CA2 
bistratified cell that had broad and horizontally oriented dendrites. In contrast to CAl 
and CA2 bistratified cells with narrow dendritic arbours, this cell displayed fast spiking 
behaviour that showed significant spike frequency adaptation and a pronounced “sag” 
in its voltage response to hyperpolarising current injection. Subthreshold oscillations 
displayed by this bistratified cell are illustrated at higher gain in C/7.
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CA1 OLM cell 030730

+ 0.3 nA

- 61 mV

20 mV

- 0.4 nA 50 ms

B  CA2 OLM cell
040217

+ 0.4 nA

-76mV

20 mV

50 ms

C  CA3 intemeurone

040203

10 mV

+ 0.3 nA 50 ms

-7 2  mV

- 0.3 nA 5mV I__
10 ms

u re  6.3  F i r i n g  p a t t e r n s  of  O L M  ce l l s  in C A l  a n d  CA2
and of a CA3 intemeurone with OLM cell-like dendrite morphology. In A,
voltage responses of an OLM cell recorded in the CAl region. This cell displayed 
a fast spiking firing pattem that showed spike frequency adaptation and a pronounced 
“sag” in its voltage response to hyperpolarising current injection. In B, voltage responses 
of an OLM cell recorded in the CA2 region were similar to those of the CAl region. 
In C/, voltage responses of an intemeurone recorded in the CA3 region. This cell 
displayed a stuttering firing pattem with frequency adaptation and a “sag” in 
response to hyperpolarising current injection. Subthreshold oscillations displayed 
by this intemeurone are illustrated at higher gain in C/7 (red square in Cl).
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These electrophysiological data revealed features of the CA2 basket cells and bistratified cells 

that are quite distinct from those described in CA 1 in this and previous studies (Ali et a l , 

1998;Pawelzik et a l , 2002). The comparison of the dendritic and axonal arbourisation and 

firing pattems of intemeurones in the three regions suggested a significant correlation between 

the presence of a “sag” and the dendritic width, which is independent of cell type defined by 

more conventional criteria (Spearman test, r=0.8, OC=0.05) (See figure 6.4). Intemeurones that 

displayed a broad dendritic arbour also consistently displayed a “sag” in response to 

hyperpolarising current injection and a rebound on repolarisation whereas intemeurones that 

had a narrow dendritic tree did not.
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Figure 6.4 Correlation between the presence of horizontally oriented dendrites and the 
presence of a “sag” in the voltage responses to hyperpolarising current injection.
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7.0 SPONTANEOUS ACTIVITY IN INTERNEURONES OF THE THREE CA 

REGIONS.

One of the main feature of OLM cells of the CA 1 region is their high level of spontaneous 

synaptic activity. Paired intracellular recordings suggested that OLM cells are densely 

innervated by pyramidal cells of the CAl region (Ali & Thomson, 1998). This may be due to 

their horizontally oriented dendrites located in SO where the axons of pyramidal cells 

arbourise. To determine whether the morphological characteristics and location of 

intemeurones may be correlated with the amount of spontaneous activity that they receive, the 

level of spontaneous EPSPs received by intemeurones of the three CA regions was studied. 

The number of spontaneous events received by intemeurones in vitro is certainly an 

underestimate compared with what may happen in vivo. However, it gives an indication of 

how densely innervated they are in 450 |im  thick slices. The number of spontaneous 

excitatory events (which were considered as EPSPs as they could reach threshold and elicit 

APs) was counted over a period of 1 minute and averaged. Data are summarised in table 7.1.

Basket cells of the CAl region received on average 17.68 ± 7.06 spontaneous EPSPs per 

second and bistratified cells 18.15 ± 5.8 EPSPs per second. Figure 7.1 illustrates a 

connection recorded in the CA 1 region from a pyramidal cell to a bistratified cell that received 

spontaneous EPSPs. EPSP elicited in the intemeurone by the pyramidal cell could sum with 

spontaneous EPSPs reaching threshold and eliciting a postsynaptic spike (figure 7.IB).

139



Region Pair ID Intemeurone MP (mV) Spontaneous EPSP/s

CAl 020808 Basket cell -62 13.6

021015a Basket cell -77 33.3

021015b Basket cell -73 25

021119 Basket cell -70 11.6

021120 Basket cell -79 14.6

030325 Basket cell -80 22.3

030814a Basket cell -74 13.3

030902b Basket cell -77 11.4

040217e Basket cell -71 28.5

040422a Basket cell -79 17.5

040506a Basket cell -60 11.4

040518b Basket cell -70 15

040519 Basket cell -69 11.1

Mean ± SD - 72.4 ± 6.3 17.68 ±7.06

020716 Bistratified cell -73 21

020806 Bistratified cell -65 25

040323b Bistratified cell -70 13.6

021029 Bistratified cell -64 13

Mean ± SD - 68 ± 4.2 18.15 ±5.8

030624a OLM cell -85 37.7

Mean ± SD -72.1 ±6.7 18.82 ±8.14

CA2 021001b Basket cell -75 41.8

030430 Basket cell -86 20.4

040720d Basket cell -70 38.8

040217a Basket cell -70 40.7

040304b Basket cell -68 31.8

040318c Basket cell -71 36.6

030708 Basket cell -81 34

Mean ± SD - 74.4 ± 6.7 34.8 ± 7.3

040210a Bi stratified cell -74 37.3

040421a Bi stratified cell -73 21

040217d OLM cell -76 47.4

Mean ± SD -74.4 ±5.52 34.98 ±8.66

CA3 040203a Unconfirmed -72 25.7

020910 Unconfirmed -74 50.4

Table 7.1 Frequency of spontaneous EPSPs received by intemeurones of the three CA regions. 
MP membrane potential
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Figure 7.1 Elicited EPSPs and spontaneous EPSPs (red arrows) received by a bistratified 
cell of the CAl region (A). The summation of these two EPSPs led to a postsynaptic 
spike (B).
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Intemeurones of the CA2 region presented a higher level of spontaneous synaptic activity than 

those of the CAl region independent of the cell type (Mann Whitney U test; P< 0.05, 

U=18.5) (figure 7.2A). Indeed, CA2 basket cells received 34.8 ± 7.3 spontaneous EPSPs 

per second and two CA2 bistratified cells received 37.6 and 21 spontaneous EPSPs/s 

respectively. The highest levels of spontaneous activity were displayed by an intemeurone of 

the CA3 region (50.4 EPSPs/s; figure 7.2B) and the OLM-like cell recorded in the CA2 

region (47.4 EPSP/s).

To summarise, intemeurones of the CA2 region received higher frequencies of spontaneous 

synaptic activity than those of the CAl region independent of the cell type. The dendritic and 

axonal arbourisations of these cells, together with their location, may explain this difference. 

Intemeurones with dendrites that span across regions in CA2 may receive excitatory inputs 

from pyramidal cells of both the CAl and CA3 regions in addition to local collateral inputs. 

The intemeurone of the CA3 region with the highest level of spontaneous synaptic activity had 

a dendritic tree that extended through SR where recurrent collaterals of CA3 pyramidal cells 

arbourise densely. In addition to this local circuitry, this intemeurone may receive mossy fibres 

inputs.
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Figure 7.2 Elicited and spontaneous EPSPs (red arrows) received by a basket cell of 
the CA2 region (A) and an intemeurone of the CA 3 region (B).
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8.0 EXCITATORY CONNECTIONS BETWEEN PYRAMIDAL CELLS AND 

INTERNEURONES IN THE THREE CA REGIONS OF THE ADULT RAT 

HIPPOCAMPUS.

The comparison of the dendritic and axonal arbourisation and firing pattem of intemeurones 

revealed a possible correlation between the presence ofhorizontally oriented dendrites and 

the presence of a “sag” in their voltage response to hyperpolarising current pulses. To date, 

of all the intemeurones that had a soma located either in SO or SP, the only cells that 

presented similar characteristics were the OLM cells of the CAl region. As previously 

mentioned, these OLM cells have striking features compared with the basket and bistratified 

cells of the CAl region in that they receive facihtating inputs from neighbouring pyramidal cells 

(Ali & Thomson, 1998; Lacaille et al., 1987). To determine whether intemeurones of the 

CA2 and C A3 regions that had wide dendritic arbours and displayed a “sag” have similar 

synaptic responses, paired intracellular recordings using sharp micro-electrodes were obtained 

between pyramidal cells and inhibitory intemeurones of the three CA regions. The synaptic 

responses of these excitatory connections were studied in detail and compared between 

regions.

8.1 HIT RATES

Hit rates were discussed in detail in section 3.1. The probability of finding an excitatory 

connection from a pyramidal cell to a basket cell in the CAl region was 1:6 and 1:5.5 in the
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CA2 region. The probability of finding an excitatory connection from a pyramidal cell to a 

bistratified cell in the CAl region was 1:7 and 1:6 in the CA2 region. The probability of finding 

an excitatory connection from a pyramidal cell to an intemeurone of the CA3 region was 1:22.

8.2 CHARACTERISTICS OF EPSPs ELICITED IN INTERNEURONES OF THE THREE CA REGIONS.

Averages of the first EPSP were triggered by the rising phase of the first presynaptic spike in 

sweeps containing only single spikes including apparent synaptic transmission failures. The 

number of single sweeps included in the first EPSP averages were > 60 sweeps. EPSP time 

courses were measured as described in section 2.5. The average first EPSP amplitudes were 

measured as the difference between the baseline and the peak of the EPSP. The 10-90% rise 

times were measured as the time taken for the EPSP to rise from 10 to 90% of its peak 

amplitude. The half widths were measured as the time interval between the EPSP rising to 

50% and falling to 50% of its peak.

The characteristics of EPSPs elicited in intemeurones of the three CA regions are summarised 

in table 8.1. Coefficient of variation (CV) and the proportions of apparent transmission failure 

on the first EPSPs were calculated from single sweep measurements.

Eleven CAl pyramid-basket cell connections and eight CA2 pyramid-basket cell connections 

(5 involved a basket cell with a broad dendritic arbour and 3 in which the postsynaptic cell 

was a basket cell that was confined to CA2) were compared (See table 8.1). EPSPs elicited 

in CA2 basket cells were similar in amplitude to those elicited in CAl basket cells (Mann
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Pair ID MP M Half 10-90 % 1" % o f PPR PPR Immuno-
(mV) (mV) Width

(ms)
rise time 

(ms)
EPSP

CV
failure 
1" EPSP

10-20 ms 20-40 reactivity

CAl 020808 -52 5.04 3.6 0.6 0.33 2 0.68 0.73

basket cells
021015a -73 1.78 3.6 0.8 0.54 10 - 1.15 -

021015b -77 1.79 8.7 1.5 0.33 1 0.59 0.7 -

021119 -70 1.25 8.4 1.5 1.35 56 - 0.59 PV +/ CB -

030325 -80 1.17 10.5 1.2 0.36 2.5 0.61 0.68 PV +/ CB -

030814a -74 1.54 12.3 1.8 0.38 1 0.58 0.67 PV +/ CB -

030902b -77 1.3 8.4 1.2 0.38 1.5 0.63 0.83 PV +/ CB -

030916 -7 4 0.76 4.7 1.1 0.34 5 0.75 0.84 -

040217e -57 2.26 9.9 0.9 0.37 3 - 0.43 PV-/ CB-

040506 -6 0 1.49 7.8 1.6 0.38 7 - 0.80 -

040519b -6 9 1.27 9.3 1.8 0.44 9 - 0.67 PV +! CB -

Mean -69.7 1.82 7.69 1.21 0.47 8.9 0.64 0.73
± sd ±8.4 ±1.1 ±2.8 ±0.43 ±0.3 ±15.9 ±0 .06 ±0.18

CA2 030430 -8 6 1.35 16.5 1.2 0.96 41 1.6 1.29 PV+/ CB -

basket cells
(with wide 030708b -8 2 2 18.6 2.7 0.91 38 2.59 2.21 PV+/ CB -

dendritic
arbour) 021001 -75 1.9 12.6 1.2 - - - 1.10 PV +/ CB -

040217a -7 0 1.12 10.2 1.8 - - - 0.95 PV +! CB -

040318 - 71 2.72 13.2 2.8 0.6 6 2.05 - -

Mean -76.8 1.8 14.2 1.94 0.82 28.3 2.08 1.38
± sd ±  6.9 ± 0.6 ± 3.3 ±0.77 ±0.19 ±19.4 ±0.49 ± 0.56

CA2 040422a -7 9 3.03 6 0.9 0.31 2 0.43 0.66 PV +/ CB -

basket cells 
(confined to

040720d -7 0 2.10 12 1.9 0.27 1 0.59 0.8 -

CA2) 040304b -68 1.1 10.2 1.5 0.57 4 0.51 0.82 PV +/ CB -

Mean -72.3 2.07 9.4 1.43 0.38 2.33 0.51 0.76
±sd ±5.8 ±0.96 ±3.07 ±0.5 ±  0.16 ±1.52 ±0.08 ±0.08

CAl 020716 -73 1.27 10.6 1 0.62 8 0.42 0.56

Bistratified
cells 020806 -7 6 1.66 8.5 1.1 0.34 0.8 0.71 0.88 -

021029 -6 4 1.77 9.6 1.2 0.4 6 - 0.61 PV +/ CB -

040323 -70 1.44 7.5 1.8 0.65 14 - 0.85 PV +/ CB -

Mean -70.7 1.53 9 1.27 0.5 7.2 0.72
±  sd ±5.1 ±0.22 ±1.3 ±  0.36 ±0.15 ±5.4 ±  0.16

CA2 040210a -74 0.8 16.8 1.4 1.03 29 0.64 PV +/ CB -

Bistratified
cells 040210b -74 0.82 11.1 1.8 1.14 45 0.69 0.8 PV +/ CB -

040421 -73 0.34 8.89 0.9 2.42 73 - 1.22 PV +/ CB -

Mean -73 0.65 12.2 1.36 1.53 49
± sd ±0.6 ±0.27 ±4.05 ±0.45 ±0 .7 ±22.2

CA3 020910 -7 4 3.59 8 1.4 0.29 0.5 0.8 .
intemeurones

040203 -72 1.74 15.9 2.1 0.8 28 - 1.46 -

Table 8.1 Properties of EPSPs elicited in different subclasses of intemeurones by pyramidal cells. 
M mean amplitude; MP membrane potential; CV coefficient of variation; PPR paired pulse ratio.
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Whitney U, P>0.05, U=34).

The half width of EPSPs elicited in CA2 basket cells that had horizontal dendrites was 

significantly broader than those of EPSPs elicited in CA 1 basket cells (Mann Whitney U, 

P<0.05, U= 2) and in CA2 basket cells that had narrow dendritic arbours (P<0.05, U= 1.5) 

(See figure 8.1 A). The rise time of these EPSPs was similar to those recorded in CA 1 (Mann 

Whitney U, P>0.05, U= 16.5) and in the other type of CA2 basket cells (P>0.05, U= 5). 

Inputs to CA2 basket cells that were confined to CA2 were similar in amplitude to those to 

CAl basket cells (Mann Whitney U, P>0.05, U= 13) and to those to CA2 basket cells that 

had dendrites and axons across regions (Mann Whitney U, P>0.05, U= 6). The rise times and 

half widths of these EPSPs were similar to those elicited in CAl basket cells (Mann Whitney 

U, P>0.05,U= 12.5).

Four CAl pyramid-bistratified cell connections and three CA2 pyramid-bistratified cell 

connections were compared (See table 8.1). Inputs to CA2 bistratified cells were similar in 

amplitude to those recorded in CA 1 bistratified cells (Mann Whitney U, P>0.05, U=0), The 

time course of EPSPs elicited in CA2 bistratified cells was similar to those recorded in CAl 

bistratified cells (Mann Whitney U, P>0.05, Uhaifwidth= 2; Unsetimê  5.5)(Figure 8.IB). 

The properties of EPSPs elicited in the two CA3 intemeurones differed (Table 8.1 and figure 

8.1C). EPSPs elicited in the SO CA3 intemeurone that displayed a sag appeared to be, on 

average, broader than those recorded in the CA3 intemeurone that did not display a sag. The 

mean amplitude of these EPSPs appeared to be also smaller and this was correlated with a 

higher CV and a higher proportion of failure of synaptic transmission in response to the first 

AP. Due to a small sample, statistical tests were not, however, possible.
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Figure 8.1 Comparison of the half widths and 10-90 % rise times (RT) of EPSPs 
elicited in intemeurones of the three CA regions. In A, comparison of the time 
courses of EPSPs elicited in CAl and both types of CA2 basket cells. The half width 
of EPSPs elicited in CA2 basket cells that had horizontal dendrites was significantly 
broader than those of EPSPs elicited in CAl basket cells and in CA2 basket cells that 
were confined to CA2 (Mann Whitney U, P < 0.05). The rise time of these EPSPs was 
similar to those recorded in CAl (Mann Whitney U, P > 0.05). In B, the time courses 
of EPSPs elicited in CA2 bistratified cells were similar to those recorded in CAl 
bistratified cells (Mann Whitney U, P > 0.05). In C, EPSPs elicited in the intemeurone 
that displayed a sag were broader than those elicited in the other intemeurone recorded 
in CA3. In all three panels on the right, average EPSP amplitudes were scaled to match.
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8.3 DENDRITIC AND AXONAL PATTERNS OF INTERNEURONES AND PYRAMIDAL CELLS OF 

THE CAl AND CA2 REGIONS AND PUTATIVE SYNAPTIC CONTACTS

The morphological features of intemeurones recorded are described in detail in chapter 5.0. 

All pyramidal cells recorded and filled in the CAl region had similar dendritic and axonal 

arbourisations and resembled those reported in previous studies (Deuchars & Thomson, 

1996;Ishizuka et a l , 1995;Lorente de No, 1934) (See introduction, section 1.3). Up to three 

putative contacts between the pyramidal axon (when sufficiently stained) and the secondary 

dendrites of CA1 basket and bistratified cells were identified. All CA2 pyramidal cells had 

dendritic and axonal patterns similar to those reported by Lorente De No ( 1934) in that they 

did not present thorny excrescences and lacked Schaffer collaterals. Up to two putative 

contacts between CA2 pyramidal cell axon and CA2 basket and bistratified cells were 

observed.

8.4 SHORT-TERM DYNAMICS OF PYRAMIWNTERNEURONE CONNECTIONS OF THE THREE CA 

REGIONS.

To investigate the dynamic properties of pyramidal-cell intemeurone connections in the three 

CA regions, recordings in which the membrane potential was stable and which included 

enough sweeps for meaningful averages to be made were analysed further. The minimum 

number of single sweeps included in 2"̂  and 3"̂  ̂EPS? averages reported here was 30 sweeps.
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8.4.1 CAl pyramid-basket cells connections

In agreement with previous studies (Ali et a l, 1998), all (but one) pyramid-basket cell 

connections in CAl exhibited paired pulse and brief train depression (figures 8.2,8.3and 8.4). 

Paired pulse ratios (PPRs) were calculated as the ratio between the 2"̂  EPSP amplitude (at 

two interspike intervals from the first) and the first EPSP amplitude (See table 8.1). On 

average, the second EPSP received by CAl basket cells was 73.5 ± 18 % of the first at 

interspike intervals o f20-40 ms. The strongest depression was typically observed at the 

shortest interspike intervals with subsequent recovery as interspike intervals lengthened as 

illustrated in figure 8.5. This was not, however, always a simple monoexponential relationship 

as peaks and throughs can be seen in the plots of EPSP amplitude against interspike interval 

in some examples.

Figure 8.6 illustrates another pyramid-basket cell connection that displayed paired pulse 

depression. Recovery fi*om depression occurred as the interpsike intervals lengthened. In this 

case, the basket cell was held at a membrane potential of - 52 mV and presynaptic APs 

generated postsynaptic spikes. Raw data (figure 8.6 B) demonstrated that postsynaptic spikes 

could be elicited by the 1 2"̂  and/or 3*̂  ̂but that postsynaptic spikes were much more likely 

to occur following the first AP (figure 8.6C).
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Figure 8.2 Pyramid-basket cell connection recorded in the CAl region. In A,
reconstruction of the basket cell (dendrites in black and axon in grey) and the 
pyramidal cell (dendrites in dark pink and axon in pale pink) using a drawing tube 
(xlOOO). Two putative contacts (blue squares) were identified. In B, 2nd EPSPs were 
averaged at different interspike intervals from the first showing recovery from 
depression . In C, the connection d isplayed b r ie f  tra in  depression .
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Figure 8.3 Pyramidal cell-basket cell connection recorded in the CAl region. In A,
reconstruction of the basket cell (dendrites in black and axon in grey) and the pyramidal 
cell (dendrites in pink) using a drawing tube. One putative contact (blue square) was 
identified. In B, 2nd EPSPs were averaged at different interspike intervals from the first 
showing recovery from depression. In C, the connection displayed brief train depression.
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Figure 8.4 EPSP properties of a pyramidal cell-basket cell connection (030902b) 
recorded in the CAl region. In A, second EPSPs were averaged at different intervals 
from the first showing recovery from depression. In B, averages of the first, second 
and th ird  EPSPs. The connection  d isp layed  b r ie f  tra in  depression .
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Figure 8.5 CAl pyramid-basket cell connections exhibited brief train depression 
with recovery at longer intervals. Single sweep measurements for the second 
(circles) and third (triangles) EPSPs were plotted against interspike intervals 
and smoothed. Dotted lines represent the first EPSP average amplitude. The 
strongest depression was observed at short interspike intervals and a subsequent 
recovery occurred at longer interspike intervals. These recoveries were not 
however smooth. Peaks and troughs can be seen superimposed on the decay.
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Figure 8.6 Excitatory connection from a pyramidal cell to a basket cell recorded in 
the CAl region. In A, second EPSPs were averaged at two different interspike intervals 
showing recovery from depression. In B, raw data of the excitatory connection. Postsynaptic 
spikes (red arrows)were elicited by the first and/or second and/or third presynaptic AP. 
In C, postsynaptic spikes were more likely to occur following the first presynaptic spike.
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Although the vast majority of pyramid-basket cell connections were depressing, one 

connection exhibited a combined facilitating-depressing short-term behaviour (figure 8.7). The 

PPR was 1.15 at interspike intervals of20-40 ms. A more detailed analysis (figure 8.7B) 

revealed that the basket cell received facilitating second EPSPs at interspike intervals up to 

65 ms. Augmentation was not observed at this connection. Indeed, third EPSPs were on 

average smaller than the second EPSPs at all intervals and even depressed compared with the 

first EPSP at interspike intervals longer than 50 ms. A similar variability in the short-term 

dynamics of pyramidal cell-basket cell connections was demonstrated in the mouse 

hippocampus (Losonczy et a l, 2002).

8.4.2 CA2 pyramid-basket cell connections

8.4.2.1 Excitatory connections from a pyramidal cell to a CA2 basket cell that was 

confined to the CA2 region.

Like the vast majority of CA 1 basket cells, all CA2 basket cell whose dendrites and axons 

were confined to the CA2 region received depressing EPSPs. One example is illustrated in 

figure 8.8. Paired pulse ratios were given in table 8.1.On average, the amplitude of second 

EPSP was 51 ± 8 % than the first at interval 10-20 ms and 76 ± 8 % of the first at intervals 

of 20-40 ms. The strongest depression was observed at short interspike intervals and a 

subsequent recovery fi*om depression occurred at longer intervals as illustrated in figure 8.8B 

and 8.8D. All connections displayed brief train depression i.e. the third EPSP was more 

depressed than the second.
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Figure 8.7 An unusual pyramid-basket cell connection recorded in the CAl region.
In A, second EPSPs were averaged at different interspike intervals from the first 
showing facilitation. In B, second and third EPSPs were averaged. The connection 
displayed a combined facilitating/depressing short term behaviour. In C, second 
(circles) and third (triangles) EPSP amplitude were averaged and plotted against 
interspike intervals. The dotted line indicate the mean amplitude of the first EPSP.
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Figure 8.8 Pyramid-basket cell connection recorded in the CA2 region.
In A, reconstruction of the pyramidal cell (dendrites in green and axon in blue) 
and the basket cell (dendrites in black and axon in grey). Two putative contacts 
are indicated by red squares. In B, second EPSPs were averaged at different 
interspike intervals from the first spike showing recovery from depression.
In C, the connection displayed brief train depression. In D, 2nd (circles) 
and 3rd (triangles) EPSP amplitudes were plotted against interspike intervals.
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8.4.2.2 Excitatory connections from pyramidal cells to basket cells that had horizontal 

dendritic arbours.

In contrast to CAl basket cells and the previously described CA2 basket cells, but like the 

OLM cells, EPSPs received by CA2 basket cells that had horizontal dendrites were 

facilitating. Three examples are illustrated in figures 8.9,8.10 and 8.11. Paired pulse ratios 

were given in table 8.1. On average, the amplitude of the second EPSP was 208 ± 49 % of 

the first at interspike intervals of 10-20ms and 138 ±56% at interspike intervals of20-40ms. 

The strongest facilitation was observed at short interspike intervals and a subsequent recovery 

occurred as the interspike intervals increased (figures 8.9B, 8.10A and 8.11 A). To study the 

time course of the facilitation and mechanisms such as augmentation (when the third EPSP 

amplitude was larger than the second), second and third EPSPs were plotted against the 

interspike intervals (figures 8.9E, 8.IOC and 8.11C). Second EPSPs were facilitated at 

interspike intervals up to 60 ms. Augmentation (if any) was not strong. For one pyramidal- 

CA2 basket cell connection, the third EPSP amplitude was depressed compared with the first 

EPSP (figure 8.9E). In addition, this connection displayed release site refiiuctoriness with little 

or no release independent depression (RID) as the average second EPSP at short interspike 

intervals (<15 ms) after complete apparent failures of synaptic transmission in response to the 

first presynaptic spike was larger than that following a release in response to the first spike 

(figure 8.9C).
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Figure 8.9 Pyramid-basket cell connection recorded in the CA2 region. In A,
reconstruction of the basket cell (dendrites in black and axon in grey-partial recovery) 
and the pyramidal cell (dendrites in green and axon in pink). Two putative contacts are 
indicated by blue squares. In B, 2nd EPSPs were averaged at different interspike 
intervals showing facilitation and subsequent recovery. In C, the 2nd EPSP 
average at short intervals was larger following apparent failures of transmission. In D, 
this connection displayed facilitation of the 2nd EPSP and depression of the 3rd 
EPSP. In E, 2nd EPSPs (circles) and 3rd EPSPs (triangles) were plotted against 
interspike intervals. 2nd EPSPs were facilitated at all intervals up to 40 ms. 
Augmentation was not apparent as the 3rd EPSPs were depressed compared to the 1st.
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Figure 8.10 Pyramid-basket cell connection recorded in the CA2 region. In A,
second EPSPs were averaged at different interspike intervals showing recovery 
from facilitation. In B, second and third EPSPs were facilitated compared with 
the first. The third EPSP average was smaller than the second. In C, second 
(circles) and third (triangles) EPSPs were averaged and plotted against interspike 
intervals. Third EPSP amplitudes were similar to those of second EPSPs.
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Figure 8.11 Reciprocal pyramid-basket cell connection recorded in the CA2 region.
In A, second EPSPs were averaged at different interspike intervals showing recovery 
from facilitation. In B, the connection exhibited brief train facilitation. In C, second 
(circles) and third (triangles) EPSPs were averaged and plotted against interspike 
intervals. The strongest facilitation was observed at short intervals and subsequent 
recovery occurred. The amplitudes of the third EPSPs were similar to those of the 
second. A weak augmentation was apparent at intervals between 35 and 47 ms. 
In D, average of a single spike IPSP elieited in the pyramidal cell by the CA2 basket cell.
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8.4.3 CAl pyramîd-bîstratified cell connections

In agreement with previous studies (Ali et a l, 1998), all CAl bistratified cells received 

depressing EPSPs from neighbouring pyramidal cells. Examples are illustrated in figures 8.12 

and 8.13. Paired pulse ratios were given in table 8.1. On average, the second EPSP 

amplitude was 72 ± 16 % of the first at interspike intervals o f20-40 ms. Second and third 

EPSPs were averaged and plotted against interspike intervals. The strongest depression was 

observed at shorter interspike intervals and a subsequent recovery occurred as the intervals 

lengthened (figure 8.14). In some cases, second EPSPs were even facilitated compared with 

the first at longer interspike intervals (figure 8.13B).

8.4.4 CA2 pyramid-bistratifled cell connections

The CA2 bistratified cell that had similar morphological and electrophysiological properties 

to those of the CAl region received, like CAl bistratified cells, depressing EPSPs from two 

neighbouring pyramidal cells (figure 8.15). At interspike intervals of 10-20 ms, the second 

EPSP was 64 and 69 % of the first respectively. One of these connections was analysed 

further (figure 8.16). This connection exhibited brief train depression as the third EPSP was 

more depressed than the second. This connection displayed release site refractoriness and did 

not display RID at short interspike intervals.
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Figure 8.12 Pyramid-bistratified connection recorded in the CAl region.
In A, reconstruction of both cells using a drawing tube (xlOOO). The bistratified 
cell dendrites are in black and the axon in grey. The pyramidal cell dendrites 
are in green and the axon in pink. Two putative contacts are indicated by blue 
squares. In B, second EPSPs were averaged at different interspike intervals 
from the first. In C, the connection displayed brief train depression.
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Figure 8.13 Second and third EPSP averages for two pyramidal cell-bistratified cell 
connections recorded in the CAl region. In the top panels, second EPSPs were averaged 
at different interspike intervals showing recovery from depression. In the bottom panels, first, 
second and third EPSPS were averaged. Both connections displayed brief train depression.
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Figure 8.14 CAl pyramid-bistratified cell connections exhibited brief train 
depression. Second (circles) and third (triangles) EPSPs were plotted against 
interspike intervals. Dotted lines indicates the first EPSP average amplitude. 
The strongest depression was apparent at short intervals and a subsequent 
recovery occurred at longer intervals and in two connections became a 
moderate facilitation of 2nd EPSPs at longer interspike intervals.
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Figure 8.15 Excitatory connection from two pyramidal cells to a bistratified cell 
recorded and filled in the CA2 region. In A, the postsynaptic bistratified cell (dendrites 
in black and axon in grey) receives inputs from two pyramidal cells (pyramidal cell 1 
dendrites in Blue axon in orange- pyramidal cell 2 dendrites in green and axon in pink). 
The three cells were reconstructed using a drawing tube. Putative contacts between 
pyramidal cell 1 and the bistratified cell are represented by red squares. The reconstruction 
did not allow the identification of putative contacts between pyramid 2 and the interneurone. 
In B, average of 1st and 2nd EPSPs elicited in the bistratified cell by the two pyramidal cells.
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Figure 8.16 Pyramid-bistratified cell connection recorded in the CA2 region 
(See 8.15 for morphology). In A, the connection displayed brief train depression. 
In B and C, second (circles) and third (triangles) EPSPs are plotted against 
interspike interval. In B, second EPSPs that followed first spike failures are 
larger than 2nd EPSPs that followed 1st spike EPSPs at interval <15 ms.
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In contrast, the CA2 bistratified cell that had a broad dendritic arbour and displayed a “sag”, 

unlike CAl bistratified cells, but like OLM cells and CA2 basket cells with wide dendritic 

arbours, received facilitating EPSPs with a PPR of 1.22 at interspike intervals of20-40 ms 

(figure 8.17). This connection displayed the largest CV (2.42) which was correlated with the 

highest proportions of failures of synaptic transmission (73% in response to the first AP).

8.4.5 CA3 pyramid-interneurone connections

The properties of the two pyramid-interneurone connections recorded in the CA3 region 

differed. Like OLM cells, the SO intemeurone that displayed a sag and rebound in response 

to hyperpolarising current received facilitating EPSPs (PPR of 1.46 at interval 20-40 ms) 

whereas EPSPs elicited in the other intemeurone were depressing (PPR of 0.8 at interval 20- 

40 ms). Figure 8.18 illustrates the connection that displayed depression. Second EPSPs were 

strongly depressed at short interspike intervals and a subsequent recovery occurred at longer 

interspike intervals. This pyramid-intemeurone connection exhibited brief train depression as 

the average third EPSP amplitude was smaller than the second.

In contrast, figure 8.19 illustrates the connection between a pyramidal cell and an intemeurone 

that presented horizontal dendrites in SO and exhibited a sag in response to hyperpolarising 

current. Like OLM cells and CA2 basket cells that displayed a sag, this intemeurone received 

facilitating EPSPs from a neighbouring pyramidal cell. The strongest facilitation was observed 

at short interspike intervals and a subsequent recovery occurred (figure 8.19C). The third 

EPSP was smaller in amplitude than the second at intervals up to 18 ms and augmentation was
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Figure 8.17 Pyramidal cell-bistratified cell connection recorded in the CA2 
region. A, reconstruction of the pyramidal cell (dendrites in green and axon in pink) 
and the bistratified cell (dendrites in black and axon in grey) using a drawing tube 
(xlOOO). One putative contact is indicated by a blue square. B, raw data illustrating that 
the bistratified received facilitating EPSPs (ie. 2nd EPSPs were larger than 1st). 
C, raw data illustrating the high proportions of apparent failures of synaptic 
transmission (red stars) displayed by this connection (See figure 8.26A).
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Figure 8.18 Pyramid-interneurone connection recorded in the CA3 region.
In A, second EPSPs were averaged at different interspike intervals showing 
recovery from depression. In B, the connection displayed brief train depression. 
In C, second (circles) and third (triangles) EPSPs were plotted against interspike 
intervals. The dotted line indicate the first EPSP average amplitude.
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Figure 8.19 Pyramid-interneurone connection recorded in the CA3 region. In A,
second EPSPs were averaged at different interspike intervals showing recovery from 
facilitation. In B, the connection displayed brief train facilitation. In C, second (circles) 
and third (triangles) were averaged and plotted against interspike intervals. Augmentation 
was apparent at intervals longer than 18 ms. In D, the second EPSP average at short intervals 
was larger following apparent failures of synaptic transmission than following EPSPs.
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observed at longer interspike intervals. Second EPSPs following apparent failures of synaptic 

transmission were averaged at short interspike intervals (<15 ms) and were larger than those 

elicited after an event suggesting that, despite the dominant facilitation, this connection 

displayed release site refractoriness but did not display RID (figure 8.19D).

8.5 EPSP AMPLITUDE DISTRIBUTION HISTOGRAMS AND CV ANALYSIS.

8.5.1 Connections that displayed depression

8.5.1.} EPSP amplitude distribution histograms

Paired pulse ratios described above demonstrated that the vast m^ority of CAl basket cells, 

all CAl bistratified cells, CA2 basket cells that were confined to the CA2 region, one CA2 

bistratified cell that also presented a narrow dendritic arbour plus one CA3 intemeurone 

received depressing EPSPs from neighbouring pyramidal cells. Following single sweeep 

measurement, the EPSP amplitudes were binned (bin width 0.2 mV) with a value of 0 

representing apparent failures of synaptic transmission. Amplitude distributions for pyramid- 

basket cell connections recorded in the CAl region are illustrated in figure 8.20 and Appendix 

1. One example of an amplitude distribution for the V \ 2"*̂ , 3"̂ ,̂ 4^ and 5* EPSPs for a 

pyramid-bistratified cell connection recorded in the CAl region is illustrated in figure 8.21. 

Amplitude distributions for the remaining three connections involving a bistratified cell are 

illustrated in Appendix 2. Amplitude histograms for CA2 pyramidal cell-basket cell 

connections are illustrated in figure 8.22.
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Figure 8.20 Amplitude distributions for 1st, 2nd, 3rd and 4th EPSPs for a 
pyramidal cell to basket cell connection. Data were binned at 0.2 mV with a 
value of 0 representing apparent failures of synaptic transmission (represented in light 
grey). The peak amplitude shifts to the left with successive EPSPs. Transmission 
failure occurred with increasing probability in response to each successive spike.
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Figure 8.21 Amplitude distributions for 1st, 2nd, 3rd, 4th and 5th EPSPs for 
a pyramidal cell to bistratified cell connection. Data were binned at 0.2 mV 
with a value of 0 representing apparent failures of synaptic transmission (represented 
in light grey). The peak amplitude shifts to the left with successive EPSPs. Transmission 
failure occurred with increasing probability in response to each successive spike.
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Figure 8.22 Amplitude distributions for 1st, 2nd, 3rd EPSPs for pyramiaai ceii to narrow amour Basket 
cell connections recorded in the CA2 region. Data were binned at 0.2 mV with a value of 0 representing 
apparent failures of synaptic transmission (represented in light grey). The peak amplitude shifts to the left with 
successive EPSPs. Transmission failure occurred with increasing probability in response to each successive spike. 
No apparent transmission failures were observed for the 2nd and 3rd EPSP in the first set of data.



Finally, amplitude distributions for a CA2 pyramid-bistratified connection and a CA3 pyramid- 

intemeurone connection are shown in figure 8.23.

For the vast majority of these connections, the peak of the amplitude distribution shifted to the 

left with subsequent EPSPs and the proportion of failures increased.

8.5.1.2 Determination o f a pre- or a post-synaptic locus fo r  depression

Whether the depression was mediated by a pre- or a postsynaptic mechanism was determined 

in two ways. Firstly, in all connections but one (040720d), an increase in apparent 

transmission failures (represented in light grey in all amplitude histograms) was observed with 

each successive spike suggesting that the depression may be presynaptically mediated. 

Secondly, as the EPSP amplitudes appeared to be evenly distributed around the mean 

matching a binomial distribution (unless high rates of apparent failures of synaptic transmission 

skewed the plot), C V analysis was carried out to determine whether the depression was due 

to pre- or post-synaptic mechanisms. Coefficients of variation for the 2"̂  and 3̂  ̂EPSPs at 

certain interspike intervals were calculated from single sweep measurement (interspike 

intervals up to 25 ms for the 2"̂  and up to 43 ms for the 3rd). In a binomial model, the mean 

amplitude M equals npq while CV^ equals np/(l-p) and therefore is independent of In a 

plot of normalised CV^ against normalised amplitude, a change in M but not in CV^ indicates 

a change only in q (post-synaptic change), a change in CV ̂  but not in M indicates a change 

in n (or both p  and q) and a change in CV greater than M a change in p  (pre-synaptic 

change).
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Figure 8.23 Amplitude distribution histogram for 1st, 2nd, 3rd EPSPs 
for a pyramidal cell to CA2 bistratified cell connection (A) and for 
a pyramidal cell to interneurone connection in the CA3 region. Data 
were binned in sets of 0.2 mV with a value of 0 representing apparent failures 
of synaptic transmission (represented in light grey). The peak amplitude 
shifts to the left of preceding EPSPs. Transmission failure occurred with 
increasing probability in response to each successive spike. Note that the 
rate of transmission failure was high for the CA2 pyramid-bistratified 
cell connection (29% on the 1st, 30% on the 2nd and 37% on 3rd).
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For all the pairs exhibiting depression (11 CAl pyramid-basket cell, 4 CAl pyramid- 

bistratified, 2 CA2 pyramid-basket cell, 1 CA2 pyramid-bistratified and 1 CA3 pyr- 

intemeurone), the normalised inverse square of the coefficient of variation (CV'^) was plotted 

against the normalised average EPSP amplitude (M) (figure 8.24). For all points (but one), the 

change in CV^ was greater than in M suggesting that paired pulse and brief train depression 

were presynaptically mediated.

8.5.2 Connections that displayed facilitation

8,5.2.1 EPSP amplitude distribution histograms

As demonstrated above, CA2 basket and bistratified cells that presented spiny horizontal 

dendrites and a horizontally oriented CA3 intemeurone received facilitating EPSPs from 

neighbouring pyramidal cells. EPSP amplitude distributions for the r \  2^  and 3"* EPSPs are 

illustrated in figure 8.25 for three CA2 pyramid-basket cell connections and figure 8.26 for 

the CA2 pyramid-bistratified cell and CA3 pyramid-intemeurone connections. For all these 

connections, the mean EPSP amplitudes shifted to the right in response to the second 

presynaptic spike.
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Figure 8.24 Plot of the normalised inverse square of the coefficient of 
variation (CV^) against the normalised mean amplitude (M) of the 
2nd and 3rd EPSPs received by interneurones of the three CA regions.
For all points (but one), the change in CV^ was greater than in M 
suggesting that the depression was presynaptically mediated.

180



CA2 wide dendritic arbour basket cells

00

030430
030708

\ Mean am plitude 
1.35 mV

2 2-i 28  32  36

1st EPSP amplitude

L
Mean am plitude 

2.12 mV

2nd EPSP amplitude

Mean am plitude 
2.01 mV

2 2 4 2 8 3 2 3 6

3rd EPSP amplitude

M ean am plitude 
2 mV

1st EPSP amplitude

Mean am plitude 
3.31 mV

0 04  08  12  18 2 24 28  32 36 '
2nd EPSP amplitude

48 52  56  6 64

Mean am plitude 
3.52 mV

24 28 32 36 4 44 48  52  58

3rd EPSP amplitude

040318c

0 1 
0,09 
0 08 

>  0.07 
=  0 0 6  
10 0 05 
O 0 04 
S. 0 03 

0.02 
0 01 0

Mean am plitude 
3.18 mV

I
0 0 6 1 2 1.8 2 4 3 3.6 4.2 4 8 5 4  6 6 6 7 2 71

1 s t E P S P  am p litude  (mV)

0.1 
0 09 
0 08 
0 07 

1 0* 
(0 0.05 
O 0 04

0 03 
0 02
00 1 0

0 1
0 09 
0 08

>> 0 07 
=  0 06 
ra 0 05 
O 0 04  
Q. 0 03 

0 02
001 0

M ean am piitude 
4.5 mV

0 0 6  1 2 1 8 2 4  3 3 6  4.2 4 8 5.4 6 6.6 7.2 71

2 nd  E P S P  am p litude  (mV)

Mean am plitude 
3.15 mV

0 0 6 1 2 1 8 2 4 3 3 6 4 2 4 8 5.4 6 6 6 7.2 7 1

3rd E P S P  am p litude  (mV)

Figure 8.25 Amplitude distribution histogram for 1st, 2nd and 3rd EPSPs for pyramidal cells to basket cells connections 
recorded in the CA2 region. Data were binned (bin width 0.2 mV). The peak amplitude shifts to the right with successive EPSPs. 
Proportions of apparent failure of synaptic transmission were smaller for the 2nd EPSPs than for the 1st. In the first and third set 
of data, the proportions of apparent failures of synaptic transmission was larger for the 3rd EPSPs than for the 2nd.
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Figure 8.26 Amplitude distributions for 1st, 2nd, 3rd EPSPs for a pyramidal cell 
to CA2 bistratified cell connection (A) and for a pyramidal cell to interneurone 
connection in the CA3 region (B). Data were binned (bin width 0.2 mV). The peak 
amplitude shifts to the left with successive EPSPs. Probability of failure of synaptic 
transmission in response to the 1 st, 2nd and 3rd presynaptic spike are represented in 
the lower panels. The rate of transmission failure in A where facilitation was weak 
was similar in response to the 1st, 2nd and 3rd. In B, the proportions of apparent 
failure of transmission was smaller for the 2"'' EPSPs than for the E' EPSP.
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8.5.2.2 Determination o f  a pre- or post-synaptic locus fo r  facilitation

For all connections but one (040421), the proportions of apparent failure of transmission were 

found to be smaller for the 2"̂  EPSPs than for the 1 EPSPs suggesting that the facilitation 

observed was presynaptically mediated.

Although a high proportion of failure skewed the plots, these connections appear to follow a 

binomial distribution. The normalised CV ̂  was therefore plotted against the normalised mean 

amplitude (M) to determine whether the facilitation was presynaptically or postsynaptically 

mediated. For all points for CA2 pyramid-basket cell and CA3 pyramid-intemeurone 

connections, the change in CV^ was greater than in M suggesting that the facilitation was 

presynaptically mediated (figure 8.27). The points for the CA2 pyramid-bistratified cell 

connection fell on the unitary line. As the proportions of transmission failure were similar for 

the 1̂  and 2"̂  EPSPs, the facilitation at this connection may have been mediated by a change 

in the number of release sites (n) or by a change in both the probability of release (p) and the 

quantal amplitude (q).

8.6 SUMMARY

The data presented here demonstrate that some CA2 basket and bistratified cells display 

distinct synaptic responses compared with those of the CAl region. EPSPs elicited in CA2 

basket and bistratified cells by neighbouring pyramidal cells were broader than those elicited 

in CAl basket and bistratified cells. The synaptic responses of CA2 basket and bistratified 

cells that had narrow dendritic arbours that were confined to their region of origin and did not
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Figure 8.27 Plot of the normalised inverse square of the coefficient of variation (CV ) 
against the normalised amplitude (M) of the 2nd and 3rd EPSPs received by CA2 and 
CA3 interneurones. For all points (but one) for CA2 basket cells and the CA3 intemeurone, 
the change in CV  ̂was greater than in M suggesting that the facilitation was presynaptically 
mediated. Note that the points for the CA2 bistratified cell fell on the line of unity.
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display a “sag” in their voltage response to hyperpolarising current injection resembled those 

of the CAl region. Indeed, these connections exhibited paired pulse and brief train 

depression. For all such connections, this depression appeared to be presynaptically mediated. 

In contrast, like OLM cells of the CA 1 region, all intemeurones that exhibited a “sag” in their 

voltage response to hyperpolarising current pulses received facilitating EPSPs. For the vast 

majority of these cells, this facilitation appeared to be presynaptically mediated.

These data, together with the dendritic arbourisations and firing patterns of these intemeurones 

described in the result chapters 5.0 and 6.0, revealed a significant correlation between 

horizontal dendritic arbour extent and the degree of expression of Ih (Spearman test; r=0.85, 

OC=0.05), between dendritic arbourisation and facilitation or depression of EPSPs (Spearman 

test; r=0.67, CC=0.05) and between the presence of the “sag” and PPR (Spearman test; 

r=0.82,OC=0.05) (See figure 8.28).

•  CAl basket cells 
■ CAl bistratified cells 
o CA2 basket cells 
□ CA2 bistratified cells 

CA3 intemeurone

2.5

2.0

PPR

0.5

0.0100
200

300
400

500
600

700
800

Dendritic width 
(microm)

Sag (mV)900

Figure 8.28 3D plot representing a possible correlation between the dendritic width, the 

presence or absence of “sag” and the paired pulse ratio (PPR).
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9.0 INHIBITORY CONNECTIONS IN THE CAl AND CA2 REGIONS

Inhibitory neurones are thought to be responsible for the precise timing of pyramidal cells 

during oscillations at different frequencies. Depending on their morphology and especially on 

the postsynaptic domain of the pyramidal cells that they target, different types of intemeurones 

will have different functions in the hippocampal circuitry. Although inhibitory connections were 

not the focus of this study, IPSPs elicited in pyramidal cells and in intemeurones by 

intemeurones in the CAl and CA2 regions were recorded. The characteristics of these IPSPs 

are summarised in table 9.1 and 9.2. The number of single sweeps included in the averages 

were > 60 sweeps unless otherwise stated.

9.1 INTERNEURONE-PYRAMID CONNECTIONS IN THE CAl AND CA2 REGIONS

9.1.1 Hit rates

Hit rates were described in detail in section 4.0 in this study. The probability of finding basket 

cell-pyramid and bistratified cell-pyramid connections in CA 1 was 1:20 and 1:17 respectively. 

In the CA2 region, the probability of finding an inhibitory connection from a basket cell or a 

bistratified cell to a pyramidal cell was 1:11 and 1:9.5 respectively.
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Region Pair ID Class of 
intemeurone 

s

Post
synaptic

MP
(mV)

Mean
Amplitude

(mV)

Half Width 
(ms)

10-90% 
Rise Time 

(ms)

Immuno
fluorescence

CAl 031029a Basket cell -5 9 - 1.81 36.9 3.6 -

031031 Basket cell -70 - 1.58 39.3 4.2 PV +/ CB -

040519a Basket cell -51 -0.83 18.7 3.3 -

040629c Basket cell -58 -1.7 18.6 4.8 PV +/ CB -

Mean ± SD - 59.5 ± 7.8 -1 .48 ±0.44 28.3 ±11.27 3.9 ± 0.66

040323 Bistratified
cell

-62 -0.86 41.7 7.49 PV +/ CB -

031001b Bistratified
cell

-5 9 -0.98 66.5 10.5 PV +/ CB -

CA2 020709 Basket cell -6 2 -0.86 32.1 5.4 PV +/ CB -

021107 Basket cell -62 -0.15 49.2 7.2 PV +/ CB -

030430a Basket cell -59 -0.56 35 5 PV +/ CB -

021001 Basket cell -63 -0.77 38.7 3.6 PV +/ CB -

Mean ± SD -61 .5  ±1.73 - 0.58 ± 0.31 38.7 ± 7.4 5.3 ± 1.48

040304a Basket cell 
(confined to 

CA2)

-58 - 1.47 45.3 8.4 PV +/ CB -

040218b Bistratified
cell

-60 -0.44 36.9 6.9 -

040518a Bistratified
cell

-71 -0.88 41.2 6 PV +/ CB -

T able 9.1 Properties of IPSPs elicited by single presynaptic action potentials for pyramid-intemeurone 
connections recorded in the CAl and CA2 regions.

Region Pair ID intemeurones Postsynaptic 
MP (mV)

Mean
amplitude

(mV)

Half
Width
(ms)

10-90 % 
Rise Time 

(ms)

Immuno
fluorescence

C A l 021120 B C -B C -58 -0.56 15 2.4 P V + /C B  - - P V + / C B -

CA2 040217d B C -O L M - 66 -0.96 46.6 6.6 PV-/ CB - - P V  +/ CB -

Table 9.2 Properties of IPSPs elicited by single presynaptic action potentials for intemeurone- 
intemeurone connections recorded in the CAl and CA2 regions. BC: basket cell.
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9.1.2 Putative contacts

Putative contacts between intemeurones and pyramidal cells were determined at the light 

microscopic level. In the CAl region, up to three putative contacts onto the somata or 

proximal dendrites of pyramidal cells were determined. In the CA2 region, the axons ofbasket 

cells that had broad dendritic arbours contacted the somata or proximal dendrites of pyramidal 

cells through up to three putative synapses. The reconstmction of the presynaptic CA2 basket 

cell that was confined to its region of origin revealed two putative contacts, one onto the soma 

of the pyramidal cell and one onto a proximal dendrite. Close appositions of the axon of CA2 

bistratified cells and CA2 pyramidal cells were not seen.

9.1.3 IPSPs elicited by intemeurones of the CAl and CA2 regions.

Inhibitory connections from CA 1 basket and bistratified cells to CA 1 pyramidal cells are 

illustrated in figures 9.1 and 9.2. Four CA2 basket-pyramidal cell connections (three involved 

basket cells that had broad dendritic and axonal arbours and one in which a basket cell that 

was confined to the CA2 region was reciprocally connected to a pyramidal cell) are illustrated 

in figures 9.3,9.4,9.5 and 9.6. Two CA2 bistratified-pyramidal cell connections are illustrated 

in figure 9.7.

With the small sample of inhibitory connections recorded in both regions, it was not possible 

to draw definite conclusions as to differences in IPS? time courses that could correlate with 

the class of CAl and CA2 presynaptic intemeurones.
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Figure 9.1 Basket cell-pyramidal cell connections in the CAl region.
A, reconstruction of both cells using a drawing tube (xlOOO). The basket cell 
dendrites are in black and its axon in grey. The pyramidal cell dendrites are in 
purple and its axon in pink. Three putative contacts onto the pyramidal cell are 
indicated by blue squares. The average responses to pairs of AP elicited in the 
CAl basket cell is represented in the lower panel. B, two further examples of 
average single spike IPSPs elicited in pyramidal cells by CAl basket cells.

189



040323
1 2 3

20 mV - 58 mV

1 mV K J \ J w - 62 mV

20 ms

10 mV f )

Pyramidal cell

; B istratified cell

1 mV

20 ms I)

A

c

B
031001B

20 mV
- 73 mV O

1 mV I

20 ms

- 59 mV B istratified ceil

A

Figure 9.2 Bistratified cell-pyramidal cell connections recorded in the 
CAl region. In A, reciprocal connection between a pyramidal cell and a 
bistratified cell. EPSPs received by the bistratified cell were depressing (top 
panel). The averaged single spike IPSP is shown in the lower panel. In B, 
averaged single spike IPSP elicited in a pyramidal cell by a bistratified cell.
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Figure 9.3 Inhibitory connection between a basket cell and a pyramidal cell 
recorded in the CA2 region. A, reconstruction of both cells using a drawing 
tube (xlOOO). The basket cell dendrites are represented in black and its axon in 
grey. The pyramidal cell dendrites are represented in pink and its axon in blue. 
Two putative contacts are indicated by blue squares. B, Averages of IPSPs 
elicited in the pyramidal cell by single spikes and by pairs of APs.
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Figure 9.4 Reciprocal connection between a pyramidal cell and a basket 
cell recorded in the CA2 region. A, reconstruction of both cells using a 
drawing tube (intemeurone in black and pyramidal cell in pink). The pyramidal 
cell contacted the basket cell through two putative synapses (blue squares). 
Three putative contacts from the basket cell to the pyramidal cell are 
indicated by green circles. B, 1st and 2nd EPSP average. C, single spike IPSP average.
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Figure 9.5 Inhibitory connection from a basket cell to a pyramidal cell 
recorded in the CA2 region. In A, reconstruction of basket cell (dendrites in black 
and axon in grey) and the pyramidal cell (dendrites in pink) using a drawing 
tube (XlOOO). Three putative contacts are indicated by blue squares. In B, the basket 
cell was PV-immunopositive and CB-immunonegative. In C, superimposition of the 

drawing of the basket cell on an image of the a actinin staining. In D, averages 
of the 1st and 2nd spike IPSPs elicited in the pyramidal cell by the basket cell.
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Figure 9.6 Reciprocal connection between a pyramidal cell and a narrow 
dendritic arbour basket cell recorded in the CA2 region. A, reconstruction of the 
pyramidal cell (dendrites in pink and axon in blue) and the basket cell (dendrites 
in black and axon in grey). One putative contact from the pyramidal cell axon to 
the basket cell dendrites is indicated by a blue square. The basket cell contacted 
the pyramidal cell through two possible synapses (green circles). B, average 
(10 sweeps) of single spike IPSP elicited in the pyramidal cell by the basket cell. 
C, superimposition of the drawing of the basket cell on an image of the oc actinin 
staining. D, 2nd EPSP averages at different interspike intervals showing recovery 
from depression. E, 1st, 2nd and 3rd EPSP average showing brief train depression.
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Figure 9.7 Bistratified cell-pyramidal cell connections recorded in the 
CA2 region. A, 1 st and 2nd IPSP average. B, averaged single spike IPSP 
elicited in a pyramidal cell by a CA2 bistratified cell.
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9.2 INTERNEURONE-INTERNEURONE CONNECTIONS

Two dual recordings in which one intemeurone was connected to another intemeurone were 

obtained. The time courses of the IPSPs are summarised in table 9.2.

Figure 9.8 illustrates a basket cell-basket cell connection that was recorded in the CAl region. 

Both basket cells were PV-immunopositive and displayed a fast-spiking firing pattem. The 

presynaptic basket cell elicited a small (- 0.56 mV) and fast (half-width 15 ms and 10-90 % 

rise time 2.4 ms) IPSP in the postsynaptic basket cell. IPSPs elicited in the postsynaptic 

basket cell were briefer than those elicited in postsynaptic pyramidal cells.

IPSPs elicited in an OLM-like cell by a CA2 basket cell were larger (- 0.96 mV) and broader 

(half width 46.6 ms and 10-90 % rise time 6.6 ms). This connection is illustrated in figure 9.9. 

The basket cell also received facilitating EPSPs from a neighbouring CA2 pyramidal cell.

9.3 SUMMARY

Inhibitory connections illustrated in the present study demonstrated that IPSPs elicited by 

intemeurones in the CAl and CA2 regions display variability in their shape. For all 

intemeurone-pyramidal cell and intemeurone-intemeurone connections recorded, however, 

the IPSP half width appeared to be correlated with the IPSP 10-90 % rise time (Spearman 

test, 1=0.77, a=0.05) (figure 9.10). The small sample of inhibitory connections did not allow 

the comparison of IPSPs elicited by different classes of intemeurones in both regions and 

further studies will be needed to draw adequate conclusions.
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Figure 9.8 Inhibitory connection between two basket cells of the CAl region.
A, reconstruction at high magnification of both basket cells using a drawing tube. 
The dendrites of the presynaptic basket cell are in black and the axon in grey. 
The dendrites of the postsynaptic basket cell are in pink and the axon in blue. 
Both basket cells were PV-immunopositive and CB-immunonegative. Two 
putative contacts are indicated by blue squares. In B, 1st and 2nd IPSP average.
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Figure 9.9 Synaptic connections involving a CA2 basket that had wide dendritic and axonal arbours. In A, a pyramidal 
cell (dendrites in green- axon not recovered) was connected to a basket cell (dendrites in black and axon in grey- partial 
recovery). The basket cell was connected to an OLM-like cell (dendrites in pink and axon in blue). One putative contact between 
the axon of the basket cell and a proximal dendrite of the OLM-like cell is indicated by a blue square. In B, 1st and 2nd EPSP 
average showing paired pulse facilitation. In C, average of a single spike IPSP elicited in the OLM cell by the basket cell.
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Figure 9.10 Correlation between IPSP half width and rise time for intemeurone-pyramidal 

cell and intemeurone-intemeurone connections in the CAl and CA2 regions.
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10.0 CHEMICAL AND ELECTRICAL SYNAPSES BETWEEN PYRAMIDAL 

CELLS IN THE CAl REGION.

In the hippocampus, the precise timing of pyramidal cell firing is thought to be controlled by 

their interactions with intemeurones in oscillations apparent in the EEG. A significant 

component of the excitatory drive is provided by synaptic connections between pyramidal 

cells which therefore play an important role in the network activity. Chemical as well as 

electrical synapses may contribute to the synchronous firing of pyramidal cells. Dual 

intracellular recordings in which two pyramidal cells were synaptically coupled were obtained 

in the CAl region and evidence for chemical and electrical synapses between these excitatory 

neurones found.

10.1 CHEMICAL SYNAPSES BETWEEN PYRAMIDAL CELLS IN THE CAl REGION.

10.1.1 Putative synaptic contacts

The dendritic and axonal arbourisations of the recorded and filled CAl pyramidal cells 

resembled those reported in previous studies (Deuchars & Thomson, 1996;Ishizuka et a l , 

1995) (figure 10.1 a). The somata of these cells were located in SP. The single apical dendrite 

branched in SR and extended into SLM. Several basal dendrites emerged fi"om the soma and 

extended into SO and, in some cases into the alveus. The axon emerged from the soma and 

arbourised in SO. When the axons were sufficiently filled, up to two putative synaptic contacts 

between the pre- and postsynaptic pyramidal cells were identified.
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Figure 10.1a Pyramidal cell-pyramidal cell connection recorded in the 
CAl region. A, reconstruction of both pyramidal cells using a drawing tube 
(xlOOO). The presynaptic cell dendrites are represented in black and its axon 
in pink. The postsynaptic cell dendrites are in green and its axon in blue. 
Two putative contacts are indieated by blue squares. B, first EPS? average.
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Figure 10.1b Pyramid-pyramid connection recorded in the CAl region.
A, second EPSP average at different interspike intervals showing recovery 
from depression. B, 1st, 2nd and 3rd EPSP average showing brief train depression. 
The morphology of both pyramidal cells was illustrated in figure 10.1a.

202



B
031209

0.6

0.5

^ 0 4 
n
ro 0.3

I 0.2 

0.1 

0

Mean am plitude 
1.18 mV

0 0 .2  0.4 0.6 0 .8  1 1.2 1.4 1.6 1.

1 s t E P S P  a m p litu d e  (mV)

So  I).:

Spikc number

0.6 

0.5 

^ 0.4
iô
ro 0.3 

2  0.2

0.6 

0.5 

^ 0.4
'B
5  0.3 O

Mean am plitude 
0.92 mV

0 0.2 0 4  0.6 0.8 1 1.2 1.4 1,6 1.

2 n d  E P S P  a m p litu d e  (mV)

0.2 

0.1 

0 4—

Mean am plitude 
0.75 mV

0 0.2 0.4 0 .6  0.8 1 1.2 1 4 1.6 1.

3rd  E P S P  a m p litu d e  (mV)

0.6 

0.5 

I "  0.4
B
m 0.3

I 0.2
0.1

0

Mean am plitude 
0.26 mV

0 0 .2  0 .4  0.6 0 .8  1 1.2 1.4 1 6

4 th  E P S P  a m p litu d e  (mV)

1.5

1 s t  EPSP
>
Ë  i .n

I
C l

«  n .5
Q_
C/1
a .LD

2nd

^  3rd

50

intcrspikc intervals (m s)

1 . 2

>  o .s  U
1

I
0.2

0 1 1.2

Normalised M

□ 1st E P S P  
o  2nd  E P S P  (27 m s)
▲ 3rd E P S P  (39-40  m s)

Figure 10.1c Electrophysiological properties of a pyramid-pyramid connection 
recorded in the CAl region. A, EPSP amplitude distribution. Data were binned (bin 
width 0.2 mV) with a value of 0 representing apparent failures of synaptic transmission. 
The peak amplitude shifts to the left with successive EPSPs. Transmission failure occurred 
with increasing probability in response to each successive spike. B, the connection 
displayed brief train depression. C, 2nd (circles) and 3rd EPSP (triangles) amplitudes were 
plotted against interspike intervals. D, plot of the normalised inverse square of the 
coefficient of variation (CV^) against the normalised mean amplitude (M) of the 2nd 
and 3rd EPSPs at given intervals. For all points, the change in CV^ was greater than 
in M su g g es tin g  th a t the d e p re ss io n  was p re s y n a p tic a lly  m ed ia ted .
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10.1.2 EPSP time courses

Although the probability of finding a connection between two pyramidal cells in the CAl 

region was very low (hit rate 1:427), three connections were sufficiently stable for the synaptic 

responses to be studied.

Averages of the first EPSP were triggered by the rising phase of the presynaptic spike in 

sweeps containing only single spikes (including apparent failures of synaptic transmission). The 

shape indices of pyramid-pyramid EPSPs are summarised below in tablelO.l.

Pair ID Post

synaptic 

MP (mV)

Mean

amplitude

(mV)

Half

width

(ms)

Rise time 

(ms)

P'EPSP

CV

% failure 

1" EPSP

PPR 

10-20 ms

PPR 

20-40 ms

31209 -72 1.31 17.9 1.8 0.25 1 - 0.45

040124c -68 0.92 15.6 3.3 0.6 19 0.82 0.88

040210c -59 0.65 16.2 3.6 0.66 24 0.54 1.13

Mean -66 .3  0.96 16.56 2.9 0.5 14.6 - 0.82 

±sd ± 6 .6  ±0.33 ±1.19 ±0.96 ±0.22 ±12.09 ±0.34

Table 10.1 EPSP properties for pyramid-pyramid connections recorded in the CAl region.

EPSPs elicited in a pyramidal cell by another pyramidal cell in the CAl region were 

significantly broader and slower than those elicited in CAl basket and bistratified cells [Mann 

Whitney U test, P<0.05] (See table 8.1). The amplitudes of EPSPs elicited in pyramidal cells 

varied. This variability, however, appeared to be correlated with the CV of first EPSP and the 

proportion of apparent failures of transmission in response to the first AP, i.e. the larger the 

average EPSP, the smaller the CV and the smaller the proportion of failures.
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10.1.3 Short term dynamics for pyramid-pyramid connections recorded in the CAl 

region.

In agreement with previous studies (Deuchars & Thomson, 1996), two CAl pyramid-pyramid 

connections exhibited paired pulse and brief train depression (figures 10.1 and 10.2). Paired 

pulse ratios (PPRs) were calculated as the ratio between the 2"̂  EPSP amplitude and the first 

EPSP amplitude (See table 10.1). On average, the amplitude of second EPSPs was 45 and 

88 % of the first respectively at interspike intervals of20-40 ms. The strongest depression was 

observed at the shortest interspike intervals studied and a subsequent recovery occurred as 

the interspike intervals lengthened. For one connection (figure 10.2), second EPSPs were 

moderately facilitated compared with the first at longer intervals.

Following single sweep measurements, the EPSP amplitudes were binned (bin width 0.2 mV) 

with a value of 0 representing apparent failures of synaptic transmission. Amplitude 

distributions for pyramidal cell-pyramidal cell connections recorded in the CAl region are 

illustrated in figures 10.1c and 10.2b. For both connections, the peak of the EPSP amplitude 

distribution shifted to the left with subsequent EPSPs and the proportions of failures increased 

suggesting that the depression was presynaptically mediated. As the EPSP amplitudes 

appeared to match a binomial distribution (EPSP amplitudes evenly distributed around the 

mean), CV analysis was carried out to determine whether the depression was due to a pre- 

or post-synaptic mechanism (See Method section 2.2.4.2). Coefficients of variation were 

calculated from single sweep measurements. CVs for the 2"̂  and 3"̂  EPSPs were measured 

at certain interspike intervals. For both connections, the normalised inverse square of the
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Figure 10.2a Pyramid-pyramid connection recorded in the CAl region.
A, second EPSP average at different interspike intervals showing recovery 
from depression. B, 1st, 2nd and 3rd EPSP averages showing brief train depression.
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Figure 10.2b Electrophysiological properties of a pyramid-pyramid connection 
recorded in the CAl region. A, EPSP amplitude distribution. Data were 
binned (bin width 0.2 mV) with a value of 0 representing apparent failures of synaptic 
transmission. The peak amplitude shifts to the left with successive EPSPs. 
Transmission failure occurred with increasing probability in response to each 
successive spike. B, the connection displayed brief train depression. C, 2nd 
(c irc les) and 3rd EPSP (triang les) am plitudes w ere p lo tted  against 
interspike intervals. D, plot of the normalised inverse square of the coefficient of 
variation (CV^) against the nonnalised amplitude (M) of the 2nd and 3rd EPSPs. 
F o r  a l l  p o i n t s ,  t h e  c h a n g e  i n C V ^  w a s  g r e a t e r  t h a n  
in M suggesting  that the depression  was p resy n ap tica lly  m ediated.
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coefficient of variation (CV’̂ ) was plotted against the normalised average EPSP amplitude (M) 

(figure lO.lcD and 10.2bD). For all points, the change in CV^ was greater than in M 

suggesting that paired pulse and brief train depression were presynaptically mediated.

Like one pyramid-basket cell connection reported in section 8.4, another pyramid-pyramid 

connection exhibited a combined depressing-facilitating short-term behaviour (figure 10.3). 

The PPR was 0.54 at interspike intervals of 10-20 ms but 1.13 at interspike intervals of 20-40 

ms. A more detailed analysis (figure 10.3b) revealed that the postsynaptic pyramidal cell 

received facilitated second EPSPs at interspike intervals between 22 and 35 ms. Depression 

was observed at shorter and longer interspike intervals. Third EPSPs were depressing at all 

intervals. The proportions of apparent failure of transmission in response to the first spike were 

similar to those in response to the second spike but higher in response to the third. The 

normalised inverse square of the coefficient of variation (CV'^) for the second and third EPSPs 

at given interspike intervals was plotted against the normalised average EPSP amplitude (M). 

For all points, the change in CV^ was greater than in M suggesting that both the depression 

and facilitation were presynaptically mediated.

In addition, the presynaptic cell involved in this connection received spikelets (figure 10.3c). 

Electrical coupling are discussed below in section 10.2.
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Figure 10.3a CAl pyramid-pyramid connection that displayed 
facilitation and depression. A, second EPSP average at different 
interspike intervals, B, 1st, 2nd and 3rd EPSP averages.
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Figure 10.3b Electrophysiological properties of a pyramid-pyramid connection 
recorded in the CAl region. A, EPSP amplitude distribution. Data were 
binned (bin width 0.2 mV) with a value of 0 representing apparent failures of synaptic 
transmission. The peak amplitude shifts to the left with successive EPSPs. The 
proportion of apparent failures of synaptic transmission in response to the second 
spike was smaller than to the first. The proportion of failures in response to the third 
spike, however, was larger than to the first and second. B, mean EPSP amplitude plotted 
against the number of spikes in the train. C, 2nd (circles) and 3rd EPSP (triangles) 
am plitudes w ere p lo tted  against in te rsp ike  in te rv a ls . D, p lo t o f the 
normalised inverse square of the coefficient of variation (CV )̂ against the normalised 
mean amplitude (M) of the 2nd (at different interspike intervals) and 3rd EPSPs 
showing that depression and facilitation were presynaptically  m ediated.
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Figure 10.3c Evidence for electrical coupling between CAl pyramidal cells. Raw data 
of a CAl pyramid-pyramid connection. The physiology of this connection was 
illustrated in figure 10.3a and 10.3b. The presynaptic pyramidal cell received 
spikelets (red arrows) from a non recorded electrically coupled pyramidal cell.
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10.2 EVIDENCE OF ELECTRICAL COUPLING BETWEEN CAl PYRAMIDAL CELLS.

Electrical coupling is thought to be responsible for fast communication between neurones and 

to be implicated in hippocampal oscillations such as gamma oscillations and sharp wave 

associated “ripples” (Traub&Bibbig, 2000; Traub 2001;Nimmriche^a/,, 2005). To

date, neuronal gap junctions have been described between the dendrites of intemeurones 

(Fukuda & Kosaka, 2000; Zhang et a l , 2004) and computer modelling studies suggested the 

existence of axo-axonic gap junctions between pyramidal cells in CAl (Traub & Bibbig, 

2000). Although the presence of gap junctions between pyramidal cells has been 

demonstrated by dye-coupling in juvenile rat, direct electrical coupling between excitatory 

neurones in adult hippocampus remains to be documented.

10.2.1 Presence of spikelets in CAl pyramidal cells.

Fast prepotentials, termed spikelets, were observed in recordings of CAl pyramidal cells as 

illustrated in figures 10.3c, 10.4 and 10.5. However, no biocytin dye-coupling between the 

recorded pyramidal cells and the non recorded electrically coupled pyramidal cells was 

observed following standard histological processing.

In one case (figure 10.5), a C A 1 pyramidal cell that was presynaptic to a basket cell received 

spikelets fi’om an electrically coupled partner that also elicited short latency (1.1 ms) EPSPs 

in the postsynaptic intemeurone. That the event following the spikelet was an EPSP is 

indicated by the occurrence of occasional failures of synaptic transmission.
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Figure 10.4 Evidence for electrical coupling between CAl pyramidal cells. A
pyramidal cell recorded in the CAl region received spikelets (red arrows) from 
a non recorded electrically coupled pyramidal cell. These spikelets were observed 
only during the depolarising current pulse injected into the recorded 
pyramidal cell suggesting that both cells were driven by the same current pulse.
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Figure 10.5 Raw data demonstrating electrical coupling between CAl pyramidal 
cells. A, CAl pyramid-basket cell connection. The presynaptic pyramidal cell received 
spikelets (grey arrow) from an unidentified electrically coupled pyramidal cell. These 
spikelets elicited short latency EPSPs in the postsynaptic intemeurone. B, in one sweep, 
the spikelet failed to elicit an EPSP in the recorded postsynaptic intemeurone.
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10.2.2 Evidence of direct electrical coupling between CAl pyramidal cells.

Three dual intracellular recordings in which two pyramidal cells were impaled demonstrated 

direct electrical coupling. Each connection will be discussed separately below.

Figures 10.6a an 10.6b illustrate one electrically coupled pair. Due to a short recording, the 

two cells were not recovered following histological procedures. The first evidence for electrical 

coupling between the two cells was that depolarising current pulses injected into one cell 

resulted in the simultaneous depolarisation of the other. Secondly, action potentials elicited in 

one cell activated spikelets in the coupled cell with a latency of 0.1 ms. The latency that was 

measured from the rising phase of the AP to the start of the spikelet was faster than the 

average 2 ms latency (range 1.9-2.1 ms) required for synaptic transmission to occur (this 

latency was measured fi'om the rising phase of the presynaptic spike and the start of the EPSP 

recorded in this study (section 10.1)). The mean amplitude of the APs and the spikelets 

elicited were 68.99 ± 3.52 mV and 4.15 ± 0.27 mV respectively. The voltage ratio was, 

therefore, 0.05 ± 0.007. Thirdly, the spikelets had a CV of 0.06, the half-width was 4.07 ± 

0.4 ms and the rise time 0.64 ±0.11 ms. These events were too brief to be EPSPs as EPSPs 

studied in section 10.1.2 (table 10.1) had a half width of 16.56 ± 1.19 ms and a rise time of 

2.9 ± 0.96 (figure 10.6aC). EPSPs elicited in pyramidal cells also fluctuate in amplitude with 

a CV of 0.5 ± 0.22. The spikelets often reached spike threshold resulting in the generation of 

full APs in both pyramids.
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Figure 10.6a Electrical coupling between two CAl pyramidal cells. A, raw data 
showing that depolarisation of cell 1 (in red) lead to the depolarisation of cell 
2 (in black). Three APs in cell 1 elicited spikelets in cell 2. Spike artefacts were 
not removed graphically (B). C, comparison of the time course and latency of 
a spikelet and an EPS? elicited in a pyramidal cell (see figure 10.1a).
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Figure 10.6b Raw data illustrating electrical coupling between CAl pyramidal 
cells. A, APs in cell 1 elicited spikelets in the electrically coupled partner. In 
some cases, spikelets reached spike threshold, eliciting a full AP (indicated by stars) 
in the coupled cell. B/, the electrical coupling was tested in the other direction. 
Depolarisation of cell 2 lead to the depolarisation of cell 1. An AP in cell 2 elicited 
a spikelet that reach threshold eliciting a full AP, shown at lower gain in B//.
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The connection illustrated in figure 10.7 also provided evidence for electrical coupling between 

CAl pyramidal cells. These cells were not recovered histologically. Like in the first example 

illustrated in figure 10.6, the depolarisation of one cell resulted in the simultaneous 

depolarisation of the coupled cell. APs elicited in one cell also activated spikelets in the other 

(latency 0.29 ms) that could reached threshold resulting in full action potentials (figure 10.7A). 

In some cases, the spikes elicited in one of the coupled cells could alter the firing properties 

of the other. Indeed, these spikes could, in turn, elicit spikelets in the first cell reaching AP 

threshold resulting in spike doublets (figure 10.7B). The mean amplitude of the APs elicited 

and the spikelets were 66.07 ± 1.82 mV and 1.51 ±0.32 mV respectively. The voltage ratio 

was, therefore, 0.02 ± 0.005. The spikelets were, again, too fast to be EPSPs (half width 

3.55 ± 0.8 ms and rise time 0.64 ± 0.11 ms).

In 10 sweeps, IPSPs were observed in the coupled cells (figure 10.7C). Although IPSPs 

observed in cell 1 (in red) were larger in amplitude than those observed in cell 2 (in black) 

(2.76 ± 1.03 mV vs 0.73 ± 0.25 mV), their time courses were similar (half widths 21.98 ± 

4.17 vs 19.11 ± 5.28 and rise times 5.88 ± 2.19 ms vs 4.93 ± 2.37 ms). IPSPs in both 

channels also appeared to be elicited simultaneously (zero latency) suggesting that both cells 

may be targeted by the same unidentified intemeurone.
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Figure 10.7 Evidence for direct electrical coupling between two CAl pyramidal cells.
In A, APs elicited in the red cell (cell 1) elicited spikelets in the electrically coupled pyramidal 
cell (cell 2). In some cases, these spikelets reached threshold resulting in the generation 
of full action potentials. In B, the second spike, in cell 1, elicited a spikelet that reached 
threshold in cell 2. The AP elicited activated, in turn, an AP in cell 1 at short interspike 
intervals from the second. In C, IPSPs elicited by an unidentified intemeurone appeared 
to occur simultaneously in both cells suggesting that the coupled cells were targetted 
by the same intemeurone. Note that the electrical coupling was only tested in one direction.
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One recording (figure 10.8) was long enough for the electrically coupled cells to be filled and 

recovered histologically. The reconstruction of these two cells (illustrated in figure lO.SaA) 

allowed the determination of one putative contact between the proximal apical dendrites of the 

two cells. The axon initial segments of the two cells did not however contact each other. 

Dual intracellular recordings of this connection provided convincing evidence for electrical 

coupling between the two cells. Depolarisation of one of the two cells lead to the 

depolarisation of the coupled cell. In addition, one of the coupled cells (cell 1 -in red in the 

figures) received spikelets from a third unidentified cell. These events were considered to be 

spikelets as their half widths (1.77± 0.54 ms) and 10-90 % rise times (0.6 ±0.13 ms) were 

too brief to be EPSPs (See table 10.1). These spikelets appeared to be transferred passively 

from cell 1 to cell 2 (in black in the figures) with a latency of 0.29 ms. The half widths (2.49 

±1.17 ms) and rise times (0.67 ± 0.22 ms) of the spikelets transferred to cell 2 were similar 

to those elicited in cell 1. Their mean amplitudes were, however, smaller than those in cell 1 

( 1.51 ± 0.48 vs 3.2 ± 0.53 mV). The voltage ratio (cell 1 /cell2) was 0.35 ±0.12. In the other 

direction (cell2/celll), the voltage ratio was 0.22 ± 0.09.

Finally, figure 10.8d revealed that IPSPs elicited by an unidentified intemeurone were near 

simultaneous in cell 1 and cell 2. To determine whether these IPSPs were elicited 

simultaneously by the same intemeurone or were transferred from one cell to the electrically 

coupled cell, the amplitudes, half widths, rise times of IPSPs observed in the two cells were 

measured. IPSPs elicited in cell 1 were larger than those in cell 2 (see figure 10.8dC).
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Figure 10.8a Evidence for electrical coupling between two pyramidal cells of the CAl 
region. A, reconstruction of the two electrically coupled pyramidal cells using a drawing 
tube. The axons (blue and green) of both cells were partially recovered. B, raw data 
demonstrating the presence of electrical coupling between the two cells. The cells were tested 
in both directions. These recordings are further analysed in figure 10.8b, 10.8c and 10.8d.

221



10 mV

10 mV

- 65 mV

V
-69 mV

20 ms

10 mV

10 ms

5mV

5 ms

0.29 m s

5 mV

5 m s

Spike le t  2 1

Figure 10.8b Electrical coupling between two CAl pyramidal cells. In A, APs
elicited spikelets that reached threshold resulting to a spike. B, an unidentified cell 
(grey) elicited spikelets in cell 2 (in red). These spikelets were transferred to cell 1 
inducing a spike that, in turn, yielded to an AP in cell 2. C, AP in cell activated a 
spikelet in cell 2 that reached spike threshold. A spikelet elicited in cell 2 was 
transferred to cell 1 with a latency between the two peaks of 0.29 ms.
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Figure 10.8c Electrical coupling between two CAl pyramidal cells. In A,
AP in cell 1 elicited an AP in cell 2. This AP, in turn, elicited a spike in cell 1 
which may explain the presence of a spike doublet. The spikelet received by 
cell 2 from an unidentified cell was transferred to cell 1 via gap junctions. 
In B, the gap junction was tested in the other direction. APs in cell 2 elicited 
spikelets in cell Ithat reached spike threshold. A spikelet activated by an 
u n id e n t i f i e d  cel l  was  t r a ns f e r r ed  f rom cel l  2 to cel l  1.
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Figure 10.8d IPSPs elicited in one pyramidal cell by a unidentified interneurone 
w e r e  t r a n s f e r r e d  to t h e  e l e c t r i c a l l y  c o u p l e d  c e l l  ( A) .
In B, IPSPs are shown at higher gain and superimposed showing the latency 
between the two IPSPs . In C, the amplitudes of IPSP elicited in cell I are plotted 
against the amplitudes of those in cell 2. IPSPs in cell I were larger than those in cell 
2. In D, the half width (HW) and rise time (RT) of IPSPs observed in cell I and 2 are 
plotted against each other showing a correlation between the HW and RT. 
In E, the RT of IPSPs observed in cell 2 were slower than those observed in cell I.
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The half widths and rise times of EPSP in cell 1 were also faster than those in cell 2 (half widths 

7.5 ±5.4 ms vs 10.7 ±8.37 ms - rise times 1.75 ±0.74 ms vs 2.68 ± 1.5 ms). In addition, 

the latency between IPSPs in cell 1 and those in cell 2 was 0.41 ±0.13 ms. These results, 

therefore, suggested that IPSPs may be transferred from one cell to the electrically coupled 

cell.

10.3 SUMMARY

The data illustrated in this study demonstrated that pyramidal cells in the CAl region are able 

to communicate with each other via chemical synapses although the connectivity between these 

CAl pyramidal cells was low (1:427). Pyramidal cells received predominantly “depressing” 

EPSPs from neighbouring pyramidal cells. Two connection, however, displayed a combined 

depressing/facilitating short term behaviour. In each case, the short term dynamics of these 

connections appeared to be presynaptically mediated.

Direct electrical coupling between CAl pyramidal cells was also demonstrated. These data 

also suggested that individual pyramidal cells may be electrically coupled to more than one 

other pyramidal cell.
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11.0 DISCUSSION

The characterisation of hippocampal synaptic connections and the contribution of the different 

classes of inhibitory neurones to the hippocampal circuitry continue to be important if we are 

to gain a better understanding of the network activity. In this study, paired intracellular 

recordings with biocytin filling were performed to determine thedendritic and axonal patterns, 

firing patterns and synaptic responses of intemeurones located in the CA2 subfield, a region 

that has been so far largely ignored, and to compare these characteristics with those of 

intemeurones of the CAl and CA3 regions. In addition, this technique was used to provide 

evidence for electrical coupling between pyramidal cells of the CAl region which is thought 

to play an important role in hippocampal oscillatory activity.

11.1 METHODOLOGICAL CONSIDERATIONS

Dual intracellular recordings using conventional sharp-electrodes were performed in the C A 1, 

CA2 and CA3 subfields of the rat hippocampus. This technique combined with histochemical 

and immunohistochemical procedures enabled the identity of the intemeurones recorded to be 

revealed and the calcium binding protein or peptide content of these intemeurones to be 

demonstrated. Although a large number of intemeurones were recorded in this study, the poor 

staining of some axons did not allow the detailed classification of some intemeurones. Thus, 

only the firing patterns and synaptic responses of morphologically characterised intemeurones 

were studied in detail.
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The electrophysiological technique used in this study also allowed the connectivity between 

neurones to be determined. The probability of finding connections (hit rate) as well as the 

spontaneous synaptic activity received by these cells in vitro in 450 |im  slices is certainly, 

however, an underestimate of the connectivity in vivo as part of the presynaptic axon may 

have been cut during the slicing. These hit rates in vitro are also dependant on the search 

strategy used and different populations of intemeurones have been recorded by different 

experimenters even when using essentially the same technique and the same 

electrophysiological apparatus. In addition, the distance between the two cells tested can alter 

the hit rates and may explain the difference in connectivity of intemeurones reported in this and 

previous studies in the CAl region (Deuchars & Thomson, 1996; Ali et al, 1998). It was 

therefore considered important to repeat previous observations to allow comparisons of 

intemeurones between regions using the same experimental protocol.

In this study, the majority of intemeurones were recorded and filled in the CAl and CA2 

regions. The dendrites of only two intemeurones were recovered histologically in the CA3 

region. As the CA3 cells are bigger than in the other CA regions (Ishizuka et a l , 1995), they 

may be more severely affected during slice preparation than in other regions. This may also 

explain the absence of local connections recorded between C A3 pyramidal cells in this study 

although these recurrent collaterals have been described previously (Miles & Wong, 1986). 

Preliminary studies indicate that the preservation of C A3 neurones may be improved by the 

use of thicker slices.

The quality of the recordings (recording duration, number of presynaptic spikes and
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postsynaptic events recorded and the level of spontaneous synaptic activity) dictate the type 

of analysis that may be carried out. For example, release independant depression (RID) can 

only be studied in data sets that include enough failures of synaptic transmission in response 

to the first AP for second EPSPs following failures and first spike EPSPs at short interspike 

intervals (<15 ms) to be compared. RID was therefore only studied in pyramidal cell- 

intemeurone connections in the C A2 region. This phenomenon was, however, described at 

pyramid-basket and pyramid-bistratified connections in the CA 1 region in a previous study 

(Thomson & Bannister, 1999).

The large CV displayed by connections involving CA2 intemeurones (table 8.1) also 

necessitates large sample size for accurate and representative averages to be made.

11.2 DEFINITION OF THE BORDERS OF THE CA2 REGION

During the electrophysiological recordings, the C A2 region was recognised by the bulge of 

the pyramidal cell layer into SR located between the CA 1 and CA3 regions. Although this 

region was visible by eye, further morphological definition of the borders of this region was 

necessary to ensure that the intemeurones recorded were in the CA2 region. One technique 

(immunoperoxidase staining of the CL actinin 2 protein) used in this study appeared to give an 

accurate definition of the borders of the CA2 region. In this study, drawings of intemeurones 

filled with biocytin were superimposed on images of this immunoperoxidase staining as the two 

techniques were carried out separately.
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As the CA2 pyramidal cells are thought to lack mossy fibre inputs (Ishizuka et a l , 1995), a 

second technique (the Timm’s staining method that labels Zn^  ̂in the mossy fibres) was also 

used in this study to delineate the border between the CA3 and CA2 regions. The mossy 

fibres, however, appear to taper into the CA2 region confirming the study by Gaarskjaer 

(1986). It would therefore be interesting to determine whether the CA2 pyramidal cells and 

intemeurones close to the CA3 region receive mossy fibre inputs and whether the cells that 

receive these inputs have different morphological characteristics and different synaptic 

responses than those that do not. Although the characterisation of pyramidal cells was not the 

focus of this study, no morphological or electrophysiological differences were apparent 

amongst the pyramidal cells recorded and filled in the CA2 region in this study. The dendritic 

and axonal arboiirisations of all CA2 pyramidal cells recorded resembled those of the CAl 

pyramidal cells and no distinguishing feature was identified.

11.3 MORPHOLOGICAL CHARACTERISATION OF INTERNEURONES OF THE CA2 REGION

The classification of intemeurones in the hippocampus has been the topic of great interest as 

their dendritic and axonal arbourisations determine their inputs and outputs and thereby as their 

possible function in the hippocampal circuitry. To date, 16 classes of intemeurones have been 

described in the CAl and CA3 region of the hippocampus (Somogyi & Klausberger, 2005). 

In the present study, paired intracellular recordings were combined with immunofluorescence 

and histochemical techniques to reveal the dendritic and axonal pattems and the calcium 

binding protein or peptide content of SP intemeurones of the CA2 region and to compare 

them with those of the CAl region. This study focussed on three distinctive classes of
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intemeurones in the CA2 region: basket cells, bistratified cells and one OLM-like cell (See 

section 5.0).

11.3.1 Dendritic and axonal arbourisations of CA2 basket cells

The largest population of intemeurones recorded and filled in the C A2 region was the basket 

cells. Like CAl basket cells in this and previous studies (Sike/<3/., 1995, Buhl 1995; 

Freund & Buzsaki, 1996; Ali et a l, 1998; Ali et a l, 1999; Pawelzik et a l, 1999,2002), 

CA2 basket cells recorded in SP or proximal SO had dendrites that extended through SO, 

sometimes entering the alveus, and through SR and into SLM. Their axons arbourised 

extensively in SP, in some cases ramifying also in proximal SO and SR.

Two types of basket cells were identified in the CA2 region. The first type resembled those 

of the CAl region in that they had narrow aspiny dendrites and axons that were confined to 

CA2. In contrast, the second type of CA2 basket cells had strikingly different features when 

compared with those of the CAl region. Their dendrites in SO extended horizontally into all 

three subfields and the distal portions of these horizontal dendrites were sparsely spiny. Their 

axons also extended into all three subfields. In terms of immunoreactivity, the vast majority of 

both types of CA2 basket cells were PV-immunopositive.

Recent studies suggested that pyramidal cells of the CA2 region can be activated by Schaffer 

collaterals inputs (Sekino et a l, 1997) and by axons from the entorhinal cortex directly 

(Bartesaghi & Gessi, 2004). The dendritic arbourisation of both types of CA2 basket cells
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suggests that these cells may, therefore, also receive inputs from CA3 pyramidal cells via the 

Schaffer collaterals and direct inputs from the entorhinal cortex. In addition, CA2 basket cells 

that had horizontal dendrites extending to all subfields may receive inputs from all three regions 

which may explain the high levels of spontaneous synaptic activity recorded in these cells 

compared with those of the CAl region (Section 7.0). The axons of these CA2 basket cells 

also extended into all CA regions suggesting that these cells may provide “feed-back” 

inhibition to CA3 and “feed-forward” inhibition to CAl and may therefore play a unique role 

in the hippocampal circuitry.

11.3.2 Dendritic and axonal patterns of CA2 Bistratified cells

Bistratified cells recorded and filled in the CA2 region also had distinctive features. Their 

dendrites, like those of the CA 1 bistratified cells in this and previous studies (Buhl et a l , 

1996; Freund & Buzsaki, 1996; Ali et a l ,  1998; Pawelzik et a l ,  1999,2002), extended 

through SO and SR without entering SLM suggesting that these cells do not receive inputs 

from the entorhinal cortex but may receive Schaffer collateral inputs. The dendrites of two of 

these cells, however, extended much further horizontally than those of CA 1 cells into all three 

subfields. These cells could, therefore, receive inputs from CAl, CA2 as well as CAB. Like 

CA2 basket cells that had broad dendritic arbours, the distal portions o f their horizontal 

dendrites were sparsely spiny. However, unlike the CA2 basket cells that innervate all three 

subfields, CA2 bistratified cells display a striking subfield preference, with their axon 

innervating SO and SR of CA2 and CA 1, but stopping abruptly at the border between CA2
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and C A3. Thus, unlike CA2 basket cells with broad dendritic arbours, these cells may provide 

primarily “feed-forward” inhibition to the CA2 and CAl regions.

11.3.3 Dendritic and axonal patterns of CA2 OLM cells

One OLM-like cell was recorded and filled in the CA2 region. This cell exhibited 

characteristics similar to OLM cells of the CAl and CA3 regions with its axon ramifying 

densely in SLM of the CA2 region. In contrast to CAl OLM cells which have dendrites 

restricted to SO and receive most of their excitatory input from CAl pyramidal cells (Lacaille 

et a l ,  1987; Ali & Thomson, 1998) and inhibition from one type of intemeurone, IS-3 

(Acsady et a l ,  1996a; Ferraguti et a l ,  2004) and possibly from hippocampo-septal 

intemeurones (Gulyas et a l , 2003), this CA2 OLM cell had its soma in SP and its dendrites 

in SP and SO suggesting that CA2 “OLM” cells may receive inputs from CA2 and CA3 

pyramidal cells (with axons arbourising in SO) but additional inhibition from intemeurones 

innervating SP like the basket cells as shown in this study (figure 9.9).

11.4 FIRING PATTERNS OF INTERNEURONES OF THE CA2 REGION

11.4.1 Some CA2 intemeurones displayed striking electrophysiological properties

Although a correlation between the firing pattem and the immunoreactivity of intemeurones 

is not absolute (Pawelzik et a l , 2002; Toledo-Rodriguez et a l , 2004), in the CAl region,
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PV-immunopositive basket and bistratified cells typically display a fast spiking firing pattem 

that shows little or no spike frequency adaptation and no “sag”, indicative of Î , in their voltage 

response to hyperpolarising current injection. CA2 basket and bistratified cells that had similar 

morphological characteristics to those of the CAl region (i.e. narrow dendritic arbours), 

displayed comparable electrophysiological properties. In striking contrast, CA2 basket and 

bistratified cells that had dendrites extending into all three subfields displayed a fast spiking 

firing pattem that showed significant spike frequency adaptation and a pronounced “sag” in 

their voltage response to hyperpolarising current injection and a subsequent rebound 

depolarisation (Section 6.0). These electrophysiological properties, therefore, differed from 

those of CAl basket and bistratified cells but resembled those of the CA2 OLM cell reported 

in this study and CAl OLM cells reported in this and previous studies (Lacaille et al, 1987; 

Ali & Thomson, 1998; Maccaferri et a l ,  2005).

The “sag”, displayed by CA 1 and CA2 OLM cells, CA2 basket and bistratified cells and also 

by some pyramidal cells, is representative of Ih which was first described in the heart and then 

in CAl pyramidal cells (Halliwell & Adams, 1982). (also named Iq or If) is a 

hyperpolarisation-activated mixed cation current which is carried by Na^ and ions. In the 

hippocampus, three types of channels (H CN l, 2 and 4) mediate this current with HCNl 

expressed mainly in pyramidal cells and PV-immunopositive intemeurones and HCN2 and 4 

expressed mainly in SOM-immunopositive intemeurones (Santoro et a l , 2000). Although 

mRNA for HCN1 has been shown to be present in CAl PV-immunopositive intemeurones 

located in SP (probably basket, bistratified and axo-axonic cells), the presence of a significant
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“sag” in their voltage responses to hyperpolarising current injection has not been demonstrated 

in this or in previous studies. This can perhaps be explained by the fact that the expression of 

the different types of HCN has previously been studied using in situ hybridisation which 

shows the demonstration of mRNA rather than the expression of functional channels. Although 

HCN 1 and HCN2 have been shown to be expressed in axons and axon terminals of basket 

cells in the CA3 region (Notomi & Shigemoto, 2004), the localisation of HCN channels in 

CA2 intemeurones and whether is mediated by HCN 1 and/or HCN2/HCN4 in CA2 

basket and bistratified cells remain to be determined. The proposed involvement o f 1̂  in 

oscillatory activity such as theta oscillations will be discussed in section 11.8.

11.5 PYRAMIDAL CELL-INTERNEURONE CONNECTIONS IN THE CA2 REGION

Paired intracellular recordings in which a pyramidal cell was connected to an intemeurone 

were obtained in the CA2 region. The connectivity, the time courses of EPSPs elicited in 

morphologically identified intemeurones and the synaptic responses of these intemeurones 

were studied in detail and compared with those of pyramid-intemeurone connections recorded 

in the CAl and CA3 regions (section 8.0).

11.5.1 Hit rates

During the experiments, the number of tests performed (i.e. paired recordings) before a 

synaptic connection was found was noted in order to determine the connectivity o f 

intemeurones in the three CA regions (termed “hit rates”- section 4.0). When the axons o f
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c  A2 intemeurones were sufficiently filled for these intemeurones to be classified, the largest 

population, as in the CAl region, was the basket cells and the probability of finding an 

excitatory connection from a CA2 pyramidal cell to a CA2 basket cell was 1:5.5. The 

probability of finding a connection from a CA2 pyramidal cell to a CA2 bistratified cell was 

1:6 .

11.5.2 Putative contacts

Reconstruction at the light microscopic level of the synaptically coupled cells that were filled 

with biocytin allowed the identification of putative contacts between CA2 pyramidal axons and 

CA2 intemeurones. The number of contacts and their localisation on the postsynaptic trees 

are both important factors as they influence the amplitude and the shape of EPSPs via the 

passive cable properties in the dendrites and filtering of distal dendritic inputs (See Williams 

& Stuart, 2003 for review). Up to two putative contacts between CA2 pyramidal cell axons 

and CA2 basket and bistratified cells were observed. C A2 pyramidal cells filled in this study 

had, like CAl pyramidal cells, axons that arbourised in SO and contacted secondary dendritic 

branches of CA2 basket and bistratified cells. A previous study, however, showed that, 

following intracellular injection of HRP in vivo and recovery after 3 days, CA2 pyramidal cell 

axons arbourise in both SO and SR of the CA2 and CAl regions with some branches 

extending to CA3 (Tamamaki et a l , 1988). It should therefore be pointed out that the number 

of putative contacts observed in this study is certainly an underestimate of the connectivity in 

vivo as some of the axons in 450 |Im coronal slices will be cut. Further studies will be needed
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to determine whether the two different types of CA2 pyramidal cells (CAl -like and C A3-like) 

contact different types of intemeurones.

11.5.3 Time courses of EPSP elicited in CA2 intemeurones by pyramidal cells

The amplitudes, rise times and half widths of EPSPs elicited in basket and bistratified cells of 

the CA2 region were measured (table 8.1) and compared with those of the CAl region. CA2 

basket cells that had broad dendritic arbours and displayed a “sag” in their voltage responses 

to hyperpolarising current received the broadest EPSPs. The time courses of these EPSPs 

were similar to those elicited in the C A3 intemeurone that also had a broad dendritic arbour 

and exhibited a pronounced “sag” in response to negative current injection and to those 

elicited in CAl pyramidal cells.

Several factors are thought to contribute to the shape of EPSPs. The passive cable properties 

in postsynaptic dendritic trees plays an important role in shaping EPSPs as the durations of 

these EPSPs are dependant on the distance between the synapse and the soma from which 

EPSPs are recorded. In CAl pyramidal cells, the presence of spines in the dendrites may 

explain the increased duration of the EPSPs as these stmctures increase the amount of 

membrane and therefore the capacitance of the cells. In this study, some CA2 basket and 

bistratified cells had sparsely spiny horizontal dendrites. Although this morphological difference 

(compared with CAl basket and bistratified cells and CA2 basket cells that were confined
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to CA2 which are typically aspiny) could perhaps contribute to the increased duration of 

EPSPs, all putative contacts observed were onto aspiny secondary dendrites. The presence 

of spines, however, may affect the shape of EPSPs elicited by pyramidal cells located in C A 1 

or C A3 that have axons arbourising in their region of origin and are therefore more likely to 

contact the spiny horizontal dendrites of CA2 intemeurones.

The shapes of EPSPs are also dependent on the types of postsynaptic glutamate receptors 

involved. AMPA receptors are responsible for the fast component of EPSPs as they can turn 

on and off very quickly whereas NMD A receptors contribute to the slow component and 

increase the duration of many EPSPs. In the CAl region, EPSPs elicited in pyramidal cells 

in this and previous studies (Deuchars & Thomson, 1996) were shown to be broader than 

those elicited in many CAl intemeurones. In contrast to the fast EPSPs in FS intemeurones 

that involve few or no NMD A receptors, these pyramidal cell EPSPs are mediated by both 

AMPA receptors and NMD A receptors (Deuchars & Thomson, 1996). Whether NMD A 

receptors contribute to EPSPs elicited in CA2 intemeurones remains to be determined. The 

subunit composition of AMP A receptors also influences the duration of EPSPs (Dingledine 

et al., 1999). Studies in rat and primate hippocampus revealed that the vast majority of 

intemeurones express Ca^ permeable AMPA receptors that lack the GluR2 subunit whereas 

the pyramidal cells express the GluR2 subunit and therefore possess C a^  impermeable 

AMPA receptors (Geiger et a l , 1995; Leranth et a l , 1996). The kinetics of synaptic current 

and the shape of EPSPs depends on the expression of the GluR2 subunit as AMPA receptors 

containing the GluR2 subunit close more slowly than Ca^^ permeable AMPA receptors
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(Lomeli et al, 1994). Pharmacological studies will therefore be needed to determine whether 

EPSPs elicited in CA2 intemeurones are mediated by AMPA receptors that lack the GluR2 

subunit.

Metabotropic glutamate receptors have also been shown to modulate excitatory synaptic 

transmission in acute slices (Losonczy et al., 2003). As CA2 basket and bistratified cells that 

had horizontal dendritic arbours had similar morphological and electrophysiological 

characteristics to the OLM cells, it would also be interesting to determine whether these cells 

expressed mGluRl C L, like the OLM cells, and whether the activation of these receptors affects 

the shape of the EPSPs. These receptors may however be too slow to affect the time course 

o f EPSPs.

Finally, the expression of Ih in CA2 intemeurones may also contribute to the shape of EPSPs. 

In a previous study, Magee ( 1998) showed that blockade of Ih resulted in an increase in the 

EPSP amplitude. In the neocortex, Ih has also been described to influence the duration of 

EPSPs recorded from layer 5 pyramidal cells as the application of ZD7288, an Ih blocker, 

results in an increase in EPSP half widths. Ih may play an important role in temporal summation 

(Williams & Stuart, 2000). However, whether Ih contributes to the shape of EPSPs elicited 

in hippocampal intemeurones that may express different HCN channels has yet to be 

determined. The slow kinetics of HCN2/HCN4 channels may be a factor that determines the 

time course of EPSPs elicited in CA2 intemeurones (See section 11.8.2).

EPSPs with prolonged time courses observed in CA2 intemeurones (and CAl pyramidal
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cells) will facilitate temporal summation increasing the time window over which inputs from 

several pyramidal cells can summate. These EPSPs would therefore be able to sum and reach 

AP threshold at lower frequencies than the fast EPSPs elicited in CAl intemeurones.

11.5.3 Short term dynamics of pyramid-interneurone connections in the CA2 region

11.5.3.1 CA2 basket cells that were confined to the CA2 region received depressing 

EPSPs.

The short term dynamics exhibited by different synapses influences the processing of 

information in neuronal networks. The synaptic responses of pyramidal cell-intemeurone 

connections recorded in the C A2 region were studied in detail following single sweep EPSP 

amplitude measurements and compared with those of the CAl and CA3 regions. Although 

one connection displayed a combined depressing/facilitating behaviour, the vast majority of 

CAl pyramid-basket cell and pyramid-bistratified cell connections reported in this and 

previous studies displayed paired pulse and all diplayed brief train depression. The excitatory 

connections from a CA2 pyramidal cell to a CA2 basket or bistratified cell that had similar 

dendritic arbourisation to CAl basket and bistratified cells also had similar short term dynamic 

behaviour. In both regions, the depression was frequency dependent as the strongest 

depression was observed at short interspike intervals and appears to be presynaptically 

mediated. Amplitude distributions demonstrated that, for the vast majority of these depressing 

connections (in C A l, CA2 and CA3), the proportions of apparent failures of synaptic
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transmission increased with successive spikes in brief trains. In addition, coefficient of variation 

analysis (Faber & Korn, 1991) suggested that the depression was due to a change in 

probability of neurotransmitter release {p) and therefore was presynaptically mediated.

11.5.3.1 CA2 basket cells that had horizontal dendrites received facilitating EPSPs.

In addition to their morphological and electrophysiological differences, the synaptic responses 

of CA2 basket and bistratified cells intemeurones that had spai sely spiny horizontal dendrites 

and di splayed a “sag” in response to their voltage response to hyperpolarising current differed 

from those of CAl basket and bistratified cells and the first type of CA2 basket cells. 

Connections from pyramidal cells to these CA2 intemeurones with broad dendritic arbour 

were facilitating i.e. the second EPSP was larger than the first. Thus, these intemeurones 

displayed both firing pattems and synaptic responses that more closely resembled those of the 

OLM cells although the facilitation was less pronounced (Lacaille et al., 1987; Ali and 

Thomson, 1998).The facilitation was strongest at short interspike intervals and a subsequent 

recovery occurred at longer intervals. At these connections, augmentation (if any) was not 

strong and for one connection, third EPSPs were even depressed compared with the first. For 

the vast majority of facilitating CA2 connections, the proportions of apparent failures of 

synapti c transmission were smaller in response to the second spike than to the first. Coefficient 

o f variation analysis also suggested that the facilitation was presynaptically mediated.
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11.5.4 Functional significance of depression and facilitation

Short term dynamics determine whether the connections will act as a low pass filter or high 

pass filter at different frequencies. Depression and facilitation are largely dependant on the 

probability of neurotransmitter release. This and previous studies (T sodyks & Markram, 

1997;Chancee^fl/., 1998;Thomsone/a/., 1993a;Thomsone^a/., 1993b) demonstrated that 

the synaptic connections with low release probability exhibit paired pulse or brief train 

facilitation whereas connections with high probability of release exhibit paired pulse or brief 

train depression. Depressing EPSPs with high probabilities are more likely to reach threshold 

and elicit an AP following the first presynaptic spike (as demonstrated in this study for one 

CAl pyramid-basket cell connection- figure 8.6) and to transfer the information faithfully at 

low frequencies. In contrast, facilitating connection responses to the first presynaptic spike will 

be small due to a low release probability. Spike threshold is more likely to be reached later 

in the train transferring the information more efficiently during high frequency activity.

11.6 POSSIBLE CORRELATION BETWEEN DENDRITIC ARBOURISATIONS, FIRING PATTERNS 

AND SYNAPTIC RESPONSES.

The data presented in this study demonstrated that all intemeurones that had horizontal 

dendrites (CA2 basket and bistratified cells) in this study displayed a “sag” in their voltage 

response to hyperpolarising current and received facilitating EPSPs from neighbouring 

pyramidal cells. In contrast, all intemeurones that had dendrites confined to their region of 

origin (CAl basket and bistratified cells and CA2 basket cells) did not display a “sag” and

241



received depressing EPSPs. In C A l, previous studies have described a pronounced “sag” in 

three other classes of intemeurones: the OLM cells (Ali & Thomson, 1998), one CCK- 

immunopositive Schaffer associated cell and one CCK-immunopositive quadrilaminar cell 

(with soma at the border SR/SLM and axon arbourising in SO, SP, SR and SLM) (Pawelzik 

et ah, 2002). Like the CA2 basket and bistratified cells described here, these intemeurones 

had sparsely spiny, horizontal dendrites and exhibited a fast spiking firing pattem that showed 

spike frequency adaptation. Although excitatory connections onto Schaffer associated cells 

and quadrilaminar cells have not been described so far, the synaptic connections from 

pyramidal cells to OLM cells have also been shown to be also facilitating (Ali & Thomson, 

1998). A similar correlation was observed at excitatory connections onto one CA3 

intemeurone in the present study. Although the class of this CA3 intemeurone was not 

identified due to a poor staining of its axon, the dendritic arbourisation, firing pattem and 

synaptic responses resembled those of CA2 basket and bistratified cells with broad dendritic 

arbour and OLM cells (figures 5.12 and 8.19). A correlation may therefore exist between the 

dendritic arbourisation of intemeurones, the expression of Ih and the synaptic responses of 

their excitatory inputs.

11.7 INHIBITORY CONNECTIONS IN THE CA2 REGION

11.7.1 Hit rates and putative contacts

The probability of finding inhibitory connections from CA2 basket cells and CA2 bistratified 

cells to pyramidal cells was 1:11 and 1:9.5 respectively. In this study, CA2 basket cells
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contacted pyramidal ceil bodies or proximal dendrites through up to three putative synapses 

(section 9.0). The observation and reconstmction of axons of CA2 bistratified cells, however, 

did not allow putative contacts to be determined probably due to a poor staining of their 

axons.

A previous study (Gulyas et al., 1993a) described one cell located at the border CA2/CA3a 

that had an axonal arbour in SP extending into all three subfields and therefore resembled 

some of the CA2 basket cells described in this study. This cell was reported to contact 

pyramidal cells through five to eight possible synapses. These contacts were made onto the 

somata and proximal dendrites of CA3 and CAl pyramidal cells with a higher probability for 

CA3 pyramidal cells.

11.7.2 Time courses of IPSPs elicited by CA2 intemeurones

Inhibitory connections from basket and bistratified cells to pyramidal cells were recorded in 

the CAl and CA2 regions. With the small sample of inhibitory connections recorded in both 

regions, it was not possible to compare these connections and draw conclusions as to 

differences in IPSP time courses that could correlate with the class of CA2 presynaptic 

intemeurones. In previous studies in the neocortex, the time course of IPSPs appeared to be 

correlated with the firing pattem of the presynaptic intemeurones. F ast spiking intemeurones 

elicited the fastest IPSPs whereas slow intemeurones elicited the slowest (Thomson et a l , 

1996). In the hippocampus, a similar correlation between the electrophysiological properties 

of presynaptic basket cells and the duration of EPSPs elicited in neighbouring pyramidal cells 

has also been described (Ali et a l , 1999). In addition, different classes of intemeurones act
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on different populations of postsynaptic GAB receptors. For example, PV-immunopositive,

classical fast spiking basket cell inputs to pyramidal cells act on GABA^ receptors that contain 

the OC1 subunit. In contrast, CCK-immunopositive basket cells that were mainly regular spiking 

activate receptors containing the CC2 subunit (Thomson et a l ,  2000; Nyiri et a l ,  2001; 

Pawelzik et a l , 2002). The pharmacological profile ofbistratified cell inhibition of pyramidal 

cells is consistent with their mediation by CC5 subunit-containing GABA^ receptors. 

Further studies are needed to allow the comparison of IPSPs elicited by different classes of 

CA2 intemeurones and to determine which GAB A^ receptor subunits mediate the inhibition 

from the different types of CA2 basket and bistratified cells.

11.8 POSSIBLE ROLE OF THE CA2 REGION IN THE HIPPOCAMPAL CIRCUITRY

The present study demonstrated that intemeurones o f the CA2 region display striking 

morphological and electrophysiological features and therefore suggested that this region may 

play a unique role in the hippocampal circuitry. Although the CA2 region has been largely 

ignored, a few studies have attempted to determine its possible function in the hippocampus 

and whether this region represents more than a transitional region between CA 1 and CA3.

11.8.1 Possible role in temporal lobe epilepsy

The CA2 region, together with the granule cells of the dentate gyms, has been described as 

a seizure-resistant region in temporal lobe epilepsy (Sloviter, 1983). Studies in primate
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hippocampus showed that CA2 pyramidal cells present a strong immunoreactivity for calbindin 

whereas those in CA3 do not and only a few CAl pyramidal cells located in the upper part 

of SP close to SO are immunopositive for this calcium binding protein (Leranth & Ribak, 

1991). This region was also reported to present a higher density of parvalbumin- 

immunopositive intemeurones than the CAl and CA3 regions. A similar staining has been 

described in the rat and human hippocampus (Sloviter, 1989). The calcium binding proteins 

expressed by the pyramidal cells and intemeurones in CA2 may protect neurones from 

calcium toxicity that is responsible for cell death following high frequency stimulation such as 

epileptic seizures (Sloviter et al., 1989). Another factor that may explain the resistance of the 

CA2 region to temporal lobe epilepsy is the high level of adenosine A 1 receptors (AIR) in 

CA2 neurones (Ochiishi et al., 1999). Endogenous adenosine has an anticonvulsant activity 

(Lee et al., 1984; Dragunow & Faull, 1988; Young & Dragunow, 1995) and its action 

together with the inhibition by CA2 intemeurones and the high concentration of calcium binding 

proteins may protect CA2 neurones from cell damage following epileptic seizures.

11.8.2 Possible role in the hippocampal circuitry and oscillatory rhythms

Until recently, the intrinsic hippocampal circuitry was thought to involve three regions: the 

dentate gyms, the CA3 and CAl regions. Increasing evidence, however, suggests that the 

CA2 region may play a important role in this circuitry as the CA2 pyramidal cells have been 

shown, like the CA 1 pyramidal cells, to receive Schaffer collateral inputs and direct input from 

the entorhinal cortex (Sekino et al, 1997; Bartesaghi & Gessi, 2004). The dendritic and

245



axonal pattems of C A2 intemeurones described in the present study also suggests that these 

intemeurones have a key position to affect the hippocampal circuitry as some of them may 

receive inputs from all three CA regions, from the entorhinal cortex and possibly from the 

dentate gyms. They may also exert “feed-back” inhibition in CA3 and “feed-forward” 

inhibition in C A l. That these intemeurones may coordinate activity in these two regions is 

attractive possibility.

The CA2 region is also unique in being the only CA region that receives inputs from the 

supramammillary nucleus (SUM) of the hypothalamus. As the SUM also projects to the 

medial septum (MS/DB) (Vertes & McKenna, 2000), it has been proposed to play an 

important role in the modulation of hippocampal theta rhythm (Kirk & McNaughton, 1991). 

The CA2 region may therefore contribute to the maintenance of theta oscillations. A study in 

hippocampal slice cultures suggested that CA2 pyramidal cells are involved in the maintenance 

of oscillatory activity following application of methacholine which induces cholinergic mediated 

type of oscillation (Fischer, 2003). The study focussed on pyramidal cells and the firing 

pattems of CA2 intemeurones during hippocampal oscillations remains to be determined. 

Further research will therefore be needed to determine whether CA2 basket, bistratified and 

OLM cells fire at the same phases during theta and gamma oscillations and sharp wave ripples 

as those of the CAl region (Klausberger et a l ,  2003). is thought to be responsible for 

limiting the hyperpolarisation of the cells and to contribute to rhythmic activity such as theta 

oscillations in the entorhinal cortex (Dickson et a l , 2000), the septum (Kocsis & Li, 2004). 

Ih in septo-hippocampal intemeurones has been shown to modulate hippocampal theta as its 

suppression abolishes these oscillations (Xu et al., 2004). That CA2 intemeurones may
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receive inputs from the SUM and from the entorhinal cortex (whether C A2 intemeurones 

receive inputs from the septum remains to be determined) and express suggests that these 

intemeurones may play an important role in the coordination of hippocampal theta oscillations 

across subfields.

In addition, is thought to be implicated in pathology such as epilepsy. Following febrile 

seizures, the level of HCN 1 mRNA expression decreased as the HCN2 mRNA expression 

increased in pyramidal cells and intemeurones of the CA 1 region leading to hyper excitability 

of the network (Chen et al., 2001 ; Brewster et al., 2002). HCN2 channels possess slower 

kinetics (slower activation and inactivation) than HCN 1 channels. These studies therefore 

suggest that the switch in HCN expression (from 1 to 2) and the slowly inactivated rebound 

depolarisation mediated by HCN2 channels are responsible for the rebound firing of pyramidal 

cells and consequently for the increase of the hippocampal excitability.

11.9 ELECTRICAL COUPLING BETWEEN CAl PYRAMIDAL CELLS

Intemeurones are thought to play a cmcial role in the generation and the maintenance of 

hippocampal oscillations controlling the precise timing of pyramidal cells. The synchrony and 

coordination of hippocampal pyramidal cells, however, can also be mediated by chemical and 

electrical synaptic transmission between these cells during these oscillations. To date, fast 

communication between neurones through gap junctions have been described between 

dendrites o f intemeurones (Fukuda & Kosaka, 2000; Zhang et a l , 2004; Galaretta et a l,  

2004) and the existence of gap junctions between pyramidal cells has been suggested by
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computer simulation studies (Traub & Bibbig, 2000). Although the presence of gap junctions 

between pyramidal cells was demonstrated by dye-coupling in juvenile rat (Peinado et al., 

1993; Roerig & Feller, 2000 for review), the coupling decreased during postnatal 

development to become low in adult (Bittman et a l , 2002). Traub & Bibbig (2000) suggested 

that gap junctions were present between axons of pyramidal cells. Evidence for axo-axonic 

gap junctions between pyramidal cells of the CAl and CA3 regions and the dentate gyrus was 

provided experimentally by Schmitz et al. (2001 ). Using antidromic stimulation of axons of 

pyramidal cells, patch recordings and dye-coupling, the authors demonstrated that the 

spikelets induced originate from electrical coupling between pyramidal cell axons. Direct 

coupling between pyramidal cells, however, remained to be further documented and evidence 

for electrical coupling between these cells was provided in the present study (section 10.2).

11.9.1 Evidence for electrical coupling between pyramidal cells of the CAl region in 

adult rat hippocampus.

Intracellular recordings demonstrated the presence of fast pre-potentials, called spikelets, in 

CAl pyramidal cells. In four examples, spikelets that were elicited by unidentified electrically 

coupled cells were recorded. In each case, no biocytin dye-coupling between the recorded 

pyramidal cell and the non recorded electrically coupled cell was observed following 

histological procedures. This may be explained by the short recordings of these spikelets that 

did not lead to the transport of biocytin to the electrically coupled cell. The method of 

visualisation of the biocytin used in this study (HRP protocol-section 2.3.5) may also explain
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the lack of dye-coupling. Preliminary studies in the cortex in this laboratory revealed that dye- 

coupling between electrically coupled pyramidal cells can be observed using nanogold labelling 

of the biocytin filled cells and silver enhancement technique that increases the biocytin staining. 

One paired recording (pyramid to pyramid) (figure 10.5) demonstrated that two electrically 

coupled pyramidal cells were presynaptic to the same postsynaptic intemeurone. EPSPs which 

followed spikelets and therefore probably elicited by the non recorded electrically coupled cell 

and EPSPs elicited by the recorded pyramidal cell could therefore sum and reach AP 

threshold playing an important role in the transfer of information and neuronal synchrony.

Direct electrophysiological evidence for coupling between CAl pyramidal cells was provided 

in three dual intracellular recordings in which the two electrically coupled cells were impaled. 

Electrical coupling between these pyramidal cells was demonstrated firstly by the 

depolarisation of one of the two cells that lead to the depolarisation of the coupled cell in both 

directions. Secondly, APs elicited in one of the cell activated spikelets in the other. These 

spikelets could reach spike threshold resulting in full action potentials in the coupled cell that 

could, in turn, elicit spikelets and APs in the other cell. This suggests that electrical coupling 

may affect the firing properties of the electrically coupled cells. That the events recorded were 

spikelets was indicated by their shorter latencies and briefer time courses than EPSPs elicited 

in pyramidal cells by other pyramidal cells. In agreement with computer modelling studies 

(Traub & Bibbig, 2000), one intracellular recording suggested that one pyramidal cell was 

electrically coupled to more than one other pyramidal cell (figures 10.8a, b and c). One 

coupled cell received spikelets from a third unidentified cell. These spikelets were again too
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brief to be considered as EPSPs and appeared to be transferred passively from one cell to its 

coupled partner with a short latency. Spontaneous IPSPs elicited in one of the coupled cell 

by an unidentified intemeurone also appeared to be transferred passively from one cell to the 

other (figure 10.8d). In the present study, the transfer of events (spikelets that could reach AP 

threshold or chemical events) observed may explain the coordination of pyramidal discharge 

that is thought to underlie hippocampal oscillations.

Due to short recordings, two of the coupled cell pairs were not recovered histologically. 

However, the morphology of one electrically coupled pair was recovered and is illustrated in 

this study (figure 10.8a). During the reconstmction, one putative contact between the proximal 

apical dendrites of the two cells was located. The axon initial segments of the two cells did not 

contact each other nor did the axons appear to touch more distally. This is in disagreement 

with studies that have suggested axo-axonic gap junctions between pyramidal cells (Traub & 

Bibbig, 2000; Schmitz et a l , 2001 ) but a large part of the data in favour of pyramid-pyramid 

electrical junctions can be explain by very proximal somatic or dendritic contacts, provided 

fast spike generating zones are involved. The histological procedures used in this study allowed 

the filled cells to be examined at the electron microscope to determine whether there was 

direct contact between the membranes of these two cells and therefore to mle out alternative 

mechanisms that could explain these recordings including damaged cells or the impalement of 

the same cell in the soma and a dendrite. This electron microscopy (EM) study was performed 

by Dr Peter Bannister in this laboratory. Close apposition of the proximal apical dendrites of 

the coupled cells with no intervening glial process was observed at one position (figure 11.1).
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Figure 11.1 Electron micrographs showing the close apposition of the 
apical proximal dendrites of electrically coupled pyramidal cells (the 
reconstruction of these two cells was illustrated in figure 10.8a). A, Low 
power electron micrograph showing the close apposition (arrow) of the proximal 
dendrites (D) of the two cells. B, enlargement of the contact site (red square in A). 
No evidence of gap junction structure between the two cells was apparent. 
Dr Peter Bannister is acknowledged for generating these im ages.
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No evidence of gap junction structure similar to that observed between intemeurones (Fukuda 

& Kosaka, 2000; Tamas et a l, 2000; Szabadics et a l ,  2001) was however seen. These 

structures are, however, notoriously difficult to demonstrate and it should be noted that 

ultrastructural preservation in this ex-slice tissue is not ideal.

11.9.2 Role of gap junctions in the hippocampal circuitry

Gap junctions between pyramidal cells are thought to play an important role in oscillatory 

activity such as gamma oscillations and sharp wave associated ripples (Ylinen et al, 1995 ; 

Traub et al., 2001) as their blockade abolishes these oscillations (Draguhn etal,  1998; Pais 

et al., 2003; Nimmrich et al., 2005). Although different classes of intemeurones have been 

proposed to be responsible for the precise timing of pyramidal cell firing at different phases 

of these oscillations (Klausberger et a l , 2003), the fast communication between pyramidal 

cells may also contribute to the synchronous discharge of these pyramidal cells. Chemical 

transmission between CAl pyramidal cells reported in this and previous studies (Deuchars & 

Thomson, 1996) appears to be rare and, on its own, cannot explain the tight synchrony of 

these pyramidal cells. Indeed, ripple oscillations appeared to persist as the chemical 

transmission was blocked (Draguhn et a l , 1998). Depending on the types of connexins 

constituting the gap junctions, electrical synapses will present different permeabilities 

(Goldberg et a l , 1999). Connexin 36 is thought to be the major protein constituting gap 

junctions between intemeurones (Condorelli et al., 1998). This type of connexin, however, is 

not thought to be involved in gap junctions between pyramidal cells as fast oscillations (ripples)
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are not abolished in connexin 36 knockout mice (Hormuzdi et al., 2001 ; Pais et al., 2003). 

The type of protein mediating the electrical coupling between pyramidal cells has yet to be 

identified. However, one candidate has been proposed: the pannexin (Bruzzone et al., 2003).

11.10 FUTURE STUDIES

During the course of the studies presented here, novel and potentially important observations 

have been made concerning the C A2 region. To extend this proj ect further, dual and triple 

intracellular recordings combined with histochemical and immunohistochemical techniques will 

be used to answer a number of questions arising from these findings.

i) Are the synaptic responses of inputs from CAl and CA3 pyramidal cells to a CA2 

intemeurone different from those from CA2 pyramidal cells? Are the synaptic responses 

dependent on the type and location of the presynaptic pyramidal cell?

As CA2 intemeurones have dendrites that extend to all subfields and may therefore receive 

inputs from pyramidal cells in each of the three regions, triple recordings will be obtained to 

compare the inputs to a CA2 intemeurone from two pyramidal cells, one in CA3 and one in 

CA2 or one in CAl and one in CA2. The inputs from one pyramidal cell to two intemeurones 

in different subfields will also be compared. I would like also to determine whether CA2 

pyramidal cells located where the mossy fibres taper into the CA2 region have synaptic inputs 

with different properties compared with those close to the CA2/CA1 border.
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ii) Do different types of CA2 pyramidal cells or intemeurones target distinct classes of 

intemeurones in the three regions? Slices in which single neurones are recorded and filled will 

be processed for immunocytochemieal identification of potential postsynaptic targets of 

biocytin-labelled neurones. This technique has been developed in this laboratory by Dr Peter 

Bannister and consists of a permanent and differential double peroxidase staining of a bioeytin- 

filled neurones and immuno-labelled putative target intemeurones. Immunofluoreseenee could 

be added to this protocol in order to determine the calcium binding protein and/or 

neuropeptide content of biocytin-filled intemeurones. This technique also allows the 

ultrastmetural preservation of neuronal fine structure for electron microscopic confirmation of 

synaptic contacts.

iii) Is the expression ofl^ correlated with the presence of horizontally oriented dendrites? Is 

Ih in CA2 intemeurones mediated by HCNl or HCN2 (or both)?

Triple immunofluorescence and eonfoeal imaging will be used to identify the localisation of 

HCN channels. Bioeytin-fllled intemeurones will be tested for cellular markers (calcium 

binding proteins, peptides or metabotropie glutamate receptors) and for HCN subunits 

(HCN 1 or HCN2). My first test with antibodies specific for HCN2 (Alomone Labs, Israel) 

showed that this subunit is expressed in horizontal dendrites of CA2 intemeurones (figure 

11.2). The relative contributions made by HCN 1 vs HCN2 to cellular properties will also be 

assessed by manipulating cAMP concentrations pharmacologically, since HCN2 is reported 

to be more sensitive to eAMP than HCN 1.
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Figure 11.2 Immunolocalisation of HCN2 subunit in the CA2 region. HCN2 
staining was observed in horizontal dendrites (white arrow) of a CA2 intemeurone.
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iv) Does Ih contribute to the shape of EPSPs elicited in CA2 intemeurones?

As Ihmay influence the amplitude and duration of EPSPs (see discussion section 11.5.3), 

EPSPs from paired/triple recordings will be challenged with the Ih blockers ZD-7288 or 

intracellular cesium to determine whether/how Ih contributes to the shape of EPSPs

v) Are EPSPs activated in horizontal intemeuronal dendrites and the EPSPs activated in 

vertically oriented dendrites in C A2 SR mediated by the same receptors and do they display 

similar or different properties? T o what extent are the properties of EPSPs are related to the 

class of presynaptic pyramidal cell? Triple recordings in which two pyramidal cells are studied 

with a single postsynaptic intemeurone will compare the properties of inputs from different 

subfields directly. Subsequent reconstruction of filled neurones will identify putative contacts. 

EPSPs will be challenged with selective antagonists for NMDA receptors and AMP A 

receptors (either Ca^ permeable or Ca^ impermeable receptors). The localisation of these 

receptors in intemeurones will also be demonstrated by immunofluorescence.

vi) To what extent do the properties of CA2 intemeurones and of their synaptic inputs 

determine their responses to network activity in gamma and theta ranges? Do CA2 

intemeurones that display a “sag” and significant spike frequency adaptation show firing 

preference for inputs at theta frequencies like the OEM cells? To what extent does 1̂  

contribute to the firing pattems? Preferred firing frequencies of different intemeuronal classes 

will be determined by intracellular current injection at different frequencies and 1̂  will be 

blocked (ZD-7288 applied intracellularly via the pipette) to assess its contribution to firing
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pattems. Gamma oscillations will be elicited in by applying carbachol to hippocampal slices. 

Presynaptic neurones will be driven at theta frequencies by current injection to assess synaptic 

responses in this rhythm.

vii) Which GABA^ receptor subunits mediate the inhibition from different classes of CA2 

intemeurones? As the pharmacological sensitivities to benzodiazepines of the GABA^ 

receptors depend on the subunits included, IPSPs will be challenged with selective 

benzodiazepine site ligands to determine whether CA2 intemeurones act on GABA^ receptors 

that have the same subunit composition as those activated by similar cell classes in the CAl 

region and to determine whether the two types of CA2 basket and bistratified cells act on 

different types of GABA^ receptors.

Finally, the data presented in this study provided direct physiological evidence for electrical 

coupling between pyramidal cells of the C A1 region. Although previous studies demonstrated 

that pyramidal cells might be electrically coupled through axo-axonic gap junctions (Traub & 

Bibbig, 2000; Schmitz et a l, 2001), the present study suggests that the involvement of 

dendro-dendritic gap junctions can not be mled out. The observation at EM level, however, 

showed a close apposition of the membranes of the two pyramidal cells and no gap junction 

stmcture was seen. Further studies will therefore be needed to demonstrate the presence of 

gap junctions between pyramidal cells using a gap junction antagonist, to document their 

ultrastmcture and to determine which type of proteins are involved. Nanogold labelling will 

also be used to demonstrate dye-coupling between these pyramidal cells.
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Appendix 1

Amplitude distributions for pyramidal cells to basket cells

recorded in the CAl region.
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shifts to the left with successive EPSPs. Transmission failure occurred with increasing probability in response to each successive spike.
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data represents the connection that displayed a combined facilitating/depressing short term behaviour (See figure 8.7). The 
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Appendix 2

Amplitude distributions for pyramidal cells to bistratifled cells

recorded in the CAl region.
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